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Abstract 
The problems of transport technology were analysed; present vehicles are polluting, 
inefficient and run largely on unsustainable fossil fuels with average CO2 emission around 
154 gCO2/km. 
 
The theory proposed here is that a hydrogen fuel cell battery hybrid system is the best for 
future vehicles; zero emission, twice as efficient compared with diesel van in campus drive 
cycle and running on renewable hydrogen from biomass, wind or solar. 
 
Early testing compared a crude Micro-cab prototype (compressed hydrogen, Ballard fuel cell, 
lead acid batteries and an electric motor) with a hydrogen combustion dual fuel van to 
assess the technical demands of the proposed technology. 
 
Then a battery scooter was modified and tested to show that a plug-in hydrogen battery 
hybrid with hydride store could have benefits which were quantifiable. A computer model 
was developed to predict the performance of this system. Reducing dissipation by removing 
DC converters was shown to be beneficial. 
 
A prototype Micro-cab was analysed and tested to show how improved drive-train 
components could increase the vehicle efficiency. 
 
The main part of the project was to use these ideas to build an urban car driven by a plug-in 
hydrogen fuel cell lithium ion battery hybrid with efficient motors, belt/pulley drive, and no 
DC/DC converter. The results showed that with a 2kg pressurised hydrogen store at 350bar, 
such a vehicle had good urban performance and a range of more than 150miles. 
 
The conclusion was that the overall design concepts were correct and that costs and 
hydrogen infrastructure were the main future difficulties of future application. 
 
Five publications have been submitted/published on these studies [1-5]. 
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1.1 Motivation for a ‘Greener’ Society –Great Achievements, Greater 
Challenges 
1.1.1 Achievements 
The development of internal combustion (IC) engines, especially those used in passenger 
vehicles, is one of the greatest achievements of modern technology [6]. Since Henry Ford 
fine-tuned the mass production of his revolutionary Model-T 100 years ago [7], the world 
drove off into the era of affordable transportation—forever altering our notions of place, 
distance, and community. Society built roads, bridges and tunnels to satisfy many of the 
needs for mobility in everyday life [6]. By the end of the 20th century, motorists were 
travelling in the region of 16,000 kilometres a year in most developed countries [8]. In the 
future, along with global development, road transport will further expand, and bring more 
benefits to our society. 
 
The number of vehicles in operation worldwide surpassed the 1 billion mark in 2010 
according to Ward’s research [9] and is estimated to increase to 2.5 billion by 2050  with the 
industrialization process of BRICS (Brazil, Russia, India, China and South Africa) [10]. The 
automotive industry is therefore one of the largest economic forces globally, employing 
nearly 10 million people and generating a value chain in excess of USD 3 trillion a year [11], 
even more than the total GDP of the United Kingdom which was worth USD 2.4 trillion in 
2011, according to a report published by the World Bank [12]. 
1.1.2 Challenges 
As a consequence of this colossal industry, the large number of automobiles in use 
worldwide has caused and would continues to cause a series of major challenges in our 
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society [1, 9]. Greenhouse gases (GHG) and other emissions from vehicles’ tailpipes affect 
not only the climate but also humans, especially the particulate emissions from the 
increasing numbers of diesel vehicles on the road [13-17]. In addition, rapid oil depletion, 
issues with energy security, dependency on foreign sources and population growth make the 
challenges posed by automobiles even greater [18-20]: 
 
 Greenhouse gas (GHG) emissions – the transportation sector contributes in the 
region of 24.2% of GHG emissions in Europe as shown in Figure 1.1, with more than 
two thirds from road transport [21]. While greenhouse gas emissions from other 
sectors are generally falling, decreasing 24% between 1990 and 2009, those from 
transport have increased by 29% in the same period [22]. This increase has happened 
despite improved vehicle efficiency because the amount of personal and freight 
transport has increased sharply. Worldwide, around 13.1% of GHG emissions comes 
from transportation and a total 5 billion tonnes per year [21]. Hence reducing GHG 
emission in the automotive sectors has become a national and international priority. 
 
Figure 1.1 EU27 greenhouse gas emissions by sector and mode of transport, 2009 [11] 
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 Air pollution – vehicular (tailpipe) emissions are responsible for several debilitating 
respiratory conditions, such as asthma[23], as the use of fossil fuels in internal 
combustion engines produces harmful regulated air pollutants such as CO, SOX, fine 
particulate matter (PM10), volatile organic compounds (VOCs) and nitrogen oxides 
(NOX) [24]. The increasing number of diesel vehicles on Europe’s roads will further 
worsen air quality [25]. Also it is worth noting that when combusting the same 
amount of hydrocarbon fuel, the pollutants emitted from vehicles causes more 
damage when released in an urban area as opposed to upstream at a rural power 
station, due to the fact that greater numbers of people are affected [26]. 
 
 Oil depletion – According to a recent report in 2010, by 2023, oil reserves that 
provide liquid fuels today will only have the capacity to services just over half of 
business as usual demand [27]. Transport is already responsible for almost 70% of 
the EU’s oil use and this figure continues to increase [28]. The crude oil prices has 
risen to a staggering USD 145 per barrel in July 2008, and it is projected to rise to 
around USD 185 per barrel in 2020 [29, 30]. Consequently, the petrol/diesel prices at 
the pump will be affected, and motorists will think again of the fuel efficiency and 
running cost when they purchase a vehicle. 
 
 Energy security – Europe’s dependency upon foreign oil is more than 80% and 
reserves of conventional oil are increasingly concentrated in politically unstable 
regions [28]. Dependency on fossil fuel for transportation therefore needs to be 
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reduced significantly. The transportation sector accounts for approximately half of 
the EU’s EUR €300 billion annual oil import bill [28]. 
 
These challenges have been addressed and must be acted on immediately; many automotive 
manufacturers have now shifted their research effort to focus on high energy efficiency and 
renewable energy automobiles, especially on Hybrid Electric Vehicles (HEVs), Battery Electric 
Vehicles (BEVs) and Fuel Cell Electric Vehicles (FCEVs). One of the most representative 
examples is Ford, whose experience with FCEV technology began over ten years ago with the 
P2000 concept [31]. BEVs and FCEVs share many components and technologies, 
development on BEVs also can be used on FCEVs, or vices versa [32]. In principle, at least, 
BEVs and FCEVs could overcome those challenges [33]. This has also been recognised by 
government policy makers, for instance, in the US, where the transportation sector is 
responsible for about 67% of the oil consumed [34], government has provided significant 
levels of funding for research and development of alternative vehicles and fuels [35]. 
1.1.3 Governmental Commitments to Tackle Global Warming 
1.1.3.1 EU 80% Decarbonisation Target by 2050 
In October 2009, the European Council set an economy-wide greenhouse gas (GHG) 
abatement objective of 80–95% below 1990 levels by 2050 in order to keep climate under 
the safety level [36]. 
“The European Council calls upon all Parties to agree to global emission 
reductions of at least 50%, and aggregate developed country emission 
reductions of at least 80-95%. It supports an EU objective, in the context of 
necessary reductions according to the IPCC by developed countries as a group, 
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to reduce emissions by 80-95% by 2050 compared to 1990 levels.” Presidency 
Conclusions, Brussels European Council. 
 
Even the lower target 80% decarbonisation overall by 2050 may require 95% 
decarbonisation of the road transport sector [10]. Yet 80% reduction in the transportation 
sector would be a huge challenge itself, but it is made even greater by the fact that overall 
road transport use is projected to increase by 28% between 2003 and 2025, and could 
double by 2050 [37]. Moreover, the ever increasing travel distance of personal vehicles and 
the nearly total dependency upon liquid hydrocarbons mean that emission reductions from 
this sector will be particularly difficult [38], perhaps not achievable through improvements 
to the traditional IC engines vehicles, although existing researches have proved the fuel 
consumption of IC engines could be reduced by certain methods, such as to heat engine oil 
directly with an exhaust gas heat exchanger [39]. However further engine efficiency 
improvements are limited and relatively costly and achieving 80-95% decarbonisation goal is 
not possible through IC engines efficiency improvement alone [40]. Bearing in mind that the 
IC engines vehicles may still stay dominant for the following few decades, low-carbon 
vehicles, from different levels of hybrid to battery electric and fuel cell electric, will gradually 
and eventually penetrate the automotive market and replace IC engines vehicles, in order to 
achieve the 80-95% decarbonisation in the transport sector by 2050 [41]. 
1.3.3.2 120 g/km CO2 Emission by 2015 
In 2009, the European Parliament finally agreed to limit the CO2 emissions for new 
passenger vehicles sold in the European Union (EU) to an average of 130 g/km (vehicle 
tailpipe emission) by 2015 [42]. This regulation is one aspect of EU climate-energy package 
for Kyoto and post-Kyoto emissions reduction goals. In order to meet the EU 120 g/km 
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target, a further emission reduction of 10 g/km is to be provided by additional measures, 
such as the use of biofuels. 10% biofuel will be blended into the current fuel [42], make the 
overall CO2 emission to 120 g/km. This policy’s target date was originally set for 2012. But 
before it became legally-binding, the target was postponed to 2015 for the objective was 
said to be too aggressive [43]. By the end of 2010 Toyota, Peugeot-Citroen and Fiat had 
already achieved their targets for 2015 [44]. To enforce achievement, manufacturers who 
miss their average CO2 targets will be subject to a penalty up to 95 Euro/kilogram CO2 [42]. 
These CO2 emissions are measured over the New European Drive Cycle (NEDC) test cycle, so 
the emission in the real life drive condition may vary. Also it should be noticed that this 
regulation covers only CO2 emissions, with other greenhouse gases and tailpipe pollutants 
not regulated [42]. 
 
Figure 1.2 Roadmap of EU low carbon vehicle [34] 
 
Furthermore, a probable longer‐term CO2 emissions target of 95 gCO2/km is specified for 
2020 but will be limited at this stage due to the cost of further improvement. However even 
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95 gCO2/km is still far away from 95% decarbonisation, hence BEV and FCEV powered by 
sustainable energy source must be deployed as depicted in the EU roadmap for low carbon 
vehicle of Figure 1.2 [45]. 
1.1.3.3 Government Incentives  
An auto vehicle is probably the most important purchase for a household, so consumers are 
likely to consider numerous factors before their decision is made. Safety, comfort, fuel 
consumption, exterior and interior design are compared but all within a predetermined 
budget range of course. In fact, price is the top priority. The new low carbon vehicles 
generally are more expensive than conventional vehicles due to the new technologies, 
design, components and production rate. Government incentives are to be rolled out in 
order to encourage the consumers’ decision and stimulate the low carbon vehicles market. 
 
In the UK, the government confirmed that consumers will receive up to £5,000 towards the 
cost of an ultra-low carbon vehicle from January 2011. The grant will reduce the up-front 
cost of eligible vehicles by 25% (capped at GBP 5,000), and is available across the UK and 
open to both private and business fleet buyers [46, 47]. Low carbon vehicles are also exempt 
from road tax, and free of congestion charge in cities like London. Spain, Portugal, France 
and other EU nations have similar incentives [48]. 
 
In Denmark, electric vehicles weighing less than 2,000 kg are exempt from the registration 
tax. The registration tax is based on the price of the vehicle. It is calculated as follows: (105% 
multiply vehicle price up to DKK 79,000, around EUR 10,600 in April 2012) + (180% multiply 
vehicle price above DKK 79,000) [48]. 
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In China, the government announced a trial program to provide incentives up to 60,000 CNY 
(~EUR 7,200 in April 2012) for private purchase of new battery electric vehicles and 50,000 
CNY (~EUR 6,000 in April 2012) for plug-in hybrids in five cities. The subsidies are paid 
directly to automakers rather than consumers. The amount of the subsidy will be reduced 
once 50,000 units are sold. In addition to the subsidy, the Chinese government is also 
introducing an exemption from annual taxes for pure electric, fuel-cell, and plug-in hybrid 
vehicles. Hybrid vehicles will be eligible for a 50% reduction only [28, 49]. 
 
The various incentives from different countries not only stimulate the motorist to purchase 
ultra-low carbon vehicles by offsetting the higher upfront costs, but will also be stimulation 
for vehicle makers who are behind much of the push for ultra-low carbon vehicle 
introduction.  
1.1.4 New Automotive Revolution 
It has become clear that, in the longer term, road transport will need to be emission free. 
The automotive industry is changing with an ever increasing speed and the current economic 
and environmental pressures mean that the vehicles of tomorrow will be very different to 
those we drive today; however, there is no single ‘silver-bullet’ i.e. a single clear solution, as 
shown in Figure 1.2. The automotive world is entering a period of great revolution in the 
drive-train, involving a lot of experimental and developmental at work. On the other hand, 
this revolution can be a catalyst for a new way of life, and a new generation of wealth, a 
huge opportunity for many people and organizations. Given the global automotive 
manufacturing industry generated total revenue of USD 1,185 billion in 2010, which is 
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expected to drive the industry to a value of USD 1,654 billion by the end of 2015 [50], even 
capturing a few percentage points would still be a considerable market. 
 
Obviously there will be a significant demand for engineers and scientists with experience in 
designing and engineering alternative vehicles. Therefore there is no better time than now 
to do research on the most advanced vehicle technology—fuel cell hybrid electric vehicles. 
1.2 Project Objectives 
This PhD project aims to study, design, model and demonstrate advanced hydrogen fuel cell 
hybrid vehicles, with the focus on power train efficiency improvement, including the power 
train design and optimisation, computer modeling and road testing, based on the Micro-Cab 
HFCEV prototype [51]. At the same time, other low carbon vehicle technologies such as 
hybrid vehicles and battery electric vehicles, are also analysed and compared to 
conventional vehicles, Their power train efficiency, performance and Well-to-Wheel (WtW) 
CO2 emission, are assessed and compare with that of hydrogen fuel cell vehicles in different 
drive cycles. A novel approach of fuel cell vehicle engineering design with plug-in features is 
also investigated. This thesis is organized as follows: 
 
Chapter 1 describes the motivations and background behind this PhD study. 
 
Chapter 2 is partially adapted from author’s published paper “Current status of hybrid, 
battery and fuel cell electric vehicles: From electrochemistry to market prospects” in 
Electrochimica Acta [1], analysed the current status of low carbon vehicle technologies, 
including battery electric vehicle (BEV), different conventional hybrid electric vehicles (HEVs), 
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and hydrogen fuel cell vehicle (FCEV). This chapter also compares the history, current 
development and future development trend of the mentioned types of vehicles. Research 
shows most automakers consider hydrogen FCEV as the most promising long-term 
alternative, regardless of whether they are investing in HEVs or BEVs or not. However, it is 
broadly agreed that all currently viable technologies are likely to play a part in a future 
sustainable transport system. 
 
Chapter 3 is developed from author’s contributed chapter “Fuel-Cell (Hydrogen) Electric 
Hybrid Vehicles” of book “Alternative fuels and advanced vehicle technologies: Towards zero 
carbon transportation”, by Woodhead Publishing [5]. This chapter assessed the benefits and 
disadvantages of hydrogen based transport by evaluating H2ICE vehicles and hydrogen fuel 
cell hybrid vehicles (HFCHVs) from various aspects. It is clear that the key technical problems 
of hydrogen are infrastructure, storage, cost and safety. 
 
Chapter 4 is based on the published paper “Hydrogen fuel cell hybrid scooter (HFCHS) with 
plug-in features on Birmingham campus” in International Journal of Hydrogen Energy [2]. In 
this study, a commercially available ‘pure’ lead-acid battery electric scooter (GOPED) was 
converted to a hydrogen fuel cell hybrid scooter (HFCHS) in views of investigating the effect 
of hybridisation on driving duty cycles, range, performance, recharging times, well-to-wheel 
CO2 footprint and overall running costs. 
 
Chapter 5 is on the basis of the published paper “Hybrid Hydrogen PEM Fuel Cell and 
Batteries without DC-DC Converter” in International Journal of Low-Carbon Technologies [3]. 
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According to the study of the Micro-Cab HFCEV, nearly 20% of energy generated by the FC 
was lost through DC-DC converter, mainly caused by the fact that the DC-DC converter can 
only obtained its peak efficiency at full load, which is rarely achieved in real driving cycles, 
especially under urban drive cycles that involve many stops, where the fuel cell could only 
achieve maximum efficiency at partial load. To minimise the power loss in the DC-DC 
converter, this chapter investigates a fuel cell hybrid equipped with battery that is without 
voltage conversion, in a 48V system. 
 
Chapter 6 studies the theory and experimental methodology on the early prototype Micro-
cab H4 HFCHVs that were designed and manufactured by Micro-Cab at Coventry University.  
This was an innovative design owing to its light weight and economic components, more 
than 4000km having been done by those vehicles, with an enormous amount of data 
collected. 
 
Chapter 7 analyses the results of the 2 year test of the Micro-cab. This includes the hydrogen 
refueling and consumption, fuel cell performance and efficiency, DC-DC converter behaviour, 
traction battery performance as well as the motor performance and efficiency. Those HFCVs 
are also compared to the diesel van under different duty cycles. The findings from this 
chapter have guided the development of an updated power train, as well as the Micro-cab 
Industries’ next generation vehicle [52]. 
 
Chapter 8 uses ADVISOR to simulate the energy efficiency of the different vehicle power 
trains, including conventional petrol and diesel vehicles, with their hybrid electric power 
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train, battery electric vehicle and hydrogen fuel cell vehicle. The glider vehicle was designed 
based on the bestselling vehicle VW Golf MK6, simulated under 4 representative drive cycles: 
NEDC, ARTEMIS, UDDS (FTP 72) and WLTC. The simulation results then were compared on an 
equivalent basis. 
 
Chapter 9 introduces the re-designed Micro-cab which was improved in terms of the 
performance and efficiency. In the new design, higher energy density lithium ion phosphate 
batteries replaced lead acid batteries; a 3 kW PEMFC without DC-DC converter was installed 
to prevent the energy from losing via power converters. Two individual Lynch pancake style 
permanent magnet DC motors powered each rear wheel through high-efficiency belt and 
pulley mechanism, controlled by two separate Kelly motor controllers, with re-generative 
braking also enabled in this design. Most of the components were rated at 48V DC to 
eliminate energy loss during voltage conversions. The tests have been done under ECE 15 
drive cycle at Shakespeare Raceway. Results have been analysed with respect to the vehicle 
performance and energy efficiency, fuel cell consumption, power distribution and re-
generative braking. 
 
Chapter 10 concludes the findings and results, as well as proposing further research in future. 
 
  
2. Chapter Two 
Background1  
                                                     
1
Chapter 2 is partially adapted from author’s published paper “Current status of hybrid, battery and fuel cell 
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2.1 Current Status of Low-Carbon Vehicle Technologies 
The challenges posed by automobiles are large and urgent, and over the past decade, there 
has been rapid, on-going progress in the development of low carbon vehicle technology, and 
auto manufacturers have gradually brought models with improved fuel economy to market. 
On the positive side, most vehicles being sold in the EU now emit significantly less than the 
equivalent model sold ten years ago, despite a trend towards increased sales of larger and 
more powerful vehicles, and it also been observed that 0.6% improvement has been 
achieved per year on fuel efficiency [53]. On the negative side, 99% of those vehicles are still 
conventional IC engines vehicles and consume fossil oil, and the CO2 emission figures are 
way from the EU 80% decarbonisation goal [54]. 
 
At the same time, alternative and sustainable low carbon vehicle solutions have been 
developed and demonstrated in worldwide, such as Nissan Leaf, Mitsubishi iMEV battery 
electric vehicles, Toyota Prius, Honda Insight hybrid vehicles and Honda FCX Charity, Toyota 
Highlander FCV fuel cell electric vehicles etc. [55]. There are many more potential solutions 
to eliminating these problems, see Figure 2.1. Whereas the electric power-train technologies 
are considered to be the most viable solutions, and are being adopted and developed by 
leading automotive manufacturers, as mentioned. Each of these technologies has its own 
advantages and disadvantages with regards to cost, range, performance, and infrastructure 
[18, 19, 46, 56], as listed in Table 2.2. Currently there is no clear answer as to which one 
could dominate the future low carbon vehicle market. McKinsey report [10] stated that 
many automobile companies have an equal interest in all four power-trains, including 
conventional IC engines, hybrids, BEVs and FCEVs [10]; In addition, most of the automakers 
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see hydrogen FCEVs as the most promising long-term alternative, regardless of whether they 
are investing in PHEVs or BEVs or not. However, it is broadly agreed that all currently viable 
technologies are likely to play a part in a future sustainable transport system [10]. 
 
Figure 2.1 List of main low-carbon technologies for vehicles 
 
In other words, the future automotive market will divided into specific segments, people 
purchasing a vehicle for more specific purpose, i.e. there will be a small size battery electric 
vehicle designed for urban city and medium-large size fuel cell electric vehicle for 
multipurpose, the era of IC engines vehicle will gradually phase out, and electric drive train 
such as fuel cell vehicle will totally or partially replace other drive trains for passenger 
vehicles in a longer-term. 
 
It is very important to note that the average efficiency of all kinds of vehicles is strongly 
related to the way they are used. Driving style, traffic situations (e.g. speed limits and 
congestion), and the percentage of urban, rural and highway driving all have an effect on a 
vehicle’s energy consumption and the average power-train efficiency, and thus the carbon 
emission, refer to Chapter 8 for detailed results. 
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2.1.1 New Passenger Vehicle Trend 
Figure 2.2 shows the trend for EU new passenger vehicles from the year 2000 [57]. A 
progressive dieselization process of the vehicles can be seen, along with the obvious trend of 
an increasing adoption rate (although small in share) for alternative fuel vehicles (AFV), 
namely Liquefied Petroleum Gas (LPG), Natural Gas (NG), Electricity, Hydrogen, and Dual 
Fuel (Gasoline-Bioethanol, Petrol-LPG, Gasoline-NG). 
 
Figure 2.2 Share of Fuel Type in EU New Passenger Vehicles (EU Commission, 2010) [57] 
Although diesel vehicles have better fuel efficiency than current petrol vehicles, more diesel 
vehicles on Europe’s roads would further worsen air quality due to the diesel fumes leading 
to respiratory problems, asthma, bronchitis [58], and would also worsen energy security as 
Europe depends to a large extent on imports of diesel (while exporting petrol) [59]. Diesel 
vehicles are also likely to be driven more miles than petrol vehicles, for example, in 2005 the 
average diesel vehicle was driven 64% further in France than the average petrol vehicle [60]. 
This situation has changed since 2009; although alternative fuel vehicles sales increased by 3 
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times since the previous year, petrol vehicles returned to take a majority share of the new 
sales [57]. 
2.2 Conventional IC Engines Vehicles 
2.2.1 History  
The IC engines powered vehicle (Figure 2.3a) is one of the greatest achievements in human 
history; the design has been perfected over 150 years, overcoming many issues which made 
it noisy, smelly, cantankerous and unreliable, and finally beating steam engine vehicles and 
electric vehicles in the early 20th century [61]. The IC engine has now become the most 
popular power plant for vehicles and probably will remain the dominant technology in the 
coming decades under the business as usual scenario. This is because the IC engines vehicle 
had one dominant feature - it used petrol/diesel as a fuel, and so had a range that was far 
superior to other vehicles, for instance, battery vehicle (Figure 2.3b) and fuel cell electric 
vehicle (Figure 2.3c). This can be explained by the energy density of petrol/diesel fuel 
compared to batteries. 
 
Figure 2.3 Schematic drawing of a) IC engines vehicle, b) BEV and c) FCEV 
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2.2.2 Current Status 
The IC engines dominated and will continue to dominate automobile technology for many 
years, even in today’s most advanced hybrid vehicles: the internal combustion engine is still 
the first choice as the main power supply. However the hybrid vehicle’s IC engine is different 
from the conventional vehicle’s IC engine: the engine in the hybrid vehicle is normally 
smaller and runs at its high efficiency point for longer periods of time, hence achieving 
better fuel economy. For instance, the Toyota Prius engine runs the Atkinson cycle with 
“Variable Valve Timing with intelligence” (VVT-i) rather than the conventional Otto cycle; the 
Atkinson features a longer power stroke than the compression stroke by keeping the intake 
valve open longer than normal. Although some of the fuel is pushed back through the intake, 
overall economy is increased [62]. 
The current status of the IC engines can be summarised as follows: 
 96% of passenger vehicles on the road are powered by IC engines [63]; 
 Most of time the engine runs way below its peak efficiency, especially when driving 
in urban conditions. Figure 2.4 illustrates a typical petrol engine efficiency map 
operating under the New European Driving Cycle (NEDC) using the ADVISOR 
simulation tool; 
 The average cost for IC engines is around 25-35 USD/kW [64]; 
 The average engine power was 84kW in 2008 [65]; 
 The average engine capacity has remained constant at 1690 cc [65]; 
 The average specific CO2 emissions in 2008 were 153.5 gCO2/km [57]. 
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Figure 2.4 Typical IC engine Operation under NEDC Condition 
 
2.2.3 Future Developments and Trends 
2.2.3.1 Engine Improvement and Downsizing 
Although modern engines achieve power levels that we could only dream about 20 years 
ago [66], most engines are still not equipped with the most efficient technologies such as 
turbo chargers or variable valve timing, mainly because of the cost. Downsizing the engine 
with a turbocharger or mechanical supercharger is, however, one of the most effective ways 
of saving fuel without reducing performance or driving pleasure. Smaller engines with lower 
displacements would gain more efficiency due to the lighter weight and lower friction 
thereby reaching their maximum efficiency effectively. 
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More options to improve the efficiency of IC engines that are foreseen for the short to 
medium term future are listed in Table 2.1. It is important to note that the reduction 
potential cannot simply be added together to gain higher efficiency, as one improvement 
may reduce the potential of others. 
 
Method Reduction Potential 
Reduced engine friction losses 3% 
Variable valve timing 3% 
Variable valve control 7% 
Variable compression ratios 10% 
Direct injection 3%-10% 
Downsizing with turbo-charging/super-charger 10%-20% 
Cylinder deactivation 8%-25% 
Waste heat recovery 5%-30% 
 
Table 2.1 List of technologies for IC engine improvements [57] 
2.2.3.2 Stop/Start Sequences 
Research shows vehicles are at a standstill for one-third of the time while in urban drive 
cycle [67]. Therefore it is better to turn the engine off, to avoid burning fuel unnecessarily. 
Stop-start systems operate by cutting the engine off when the driver comes to a complete 
standstill. The engine is then turned back on when the driver engages the clutch or releases 
the brake pedal. Such systems help reduce exhaust emissions therefore improving engine 
efficiency and urban air quality. Other low carbon power trains used in HEVs, BEVs, and 
HFCVs, which will be discussed in the following sections, however are not affected while the 
vehicle is at a standstill. 
2.2.3.3 Vehicle Size Reduction 
Reduction in vehicle size and weight can significantly reduce fuel consumption. Every 10% of 
weight reduced from the average new car or light truck can cut fuel consumption by around 
6%-7% according to the ADVISOR simulations [63]. The three strategies to reduce weight are: 
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 Lightweight material substitution  
 Vehicle design changes, i.e. smaller aero drag, bigger cabin space. 
 Vehicle downsizing. 
In addition, size reduction will benefit all types of future vehicles.  
2.2.3.4 Hybrid Electric Vehicles (HEV) 
The concept of hybrid vehicle is almost as old as the automotive itself [68], although the 
original purpose was not to lower the fuel consumption or emissions, but rather to assist IC 
engines to provide an acceptable level of performance. 
 
Broadly speaking, a hybrid vehicle power-train can combine any two power sources. Possible 
combinations include but are not limited to petrol/diesel IC engines with a battery, capacitor 
or flywheel, or fuel cell with a battery or capacitor. Typically one component is for storage 
and the other is for the conversion of a fuel into useable energy. 
 
The term Hybrid Electric Vehicle (HEV) usually refers to the combination of an IC engine and 
electric motor/generator. Currently the worldwide market for HEVs is dominated by Toyota 
(including Lexus), 4 million Toyota hybrid vehicles have been sold worldwide (April-2012) 
and the sales figure are still increasing dramatically. Hybrid vehicles have accounted for 15% 
of Toyota’s global vehicle sales [69], followed by Honda, with remarkable sales that 
surpassed 800,000 units up to the end of December 2011 worldwide [70]. But other 
automakers such as Ford, General Motors and Nissan are also aggressively pursuing strategic 
campaigns to push hybrid sales. 
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2.2.4 Why Hybrid? 
Conventional vehicles with IC engines provide good performance and long operating range 
by combusting liquid fuels, with the advantage of high energy density. However, 
conventional IC engines vehicles have the disadvantages of poor fuel economy and 
environmental pollutions. The main reasons for their poor fuel economy are: 
 Mismatch of engine fuel efficiency characteristics with real-world driving conditions 
(as described in Figure 2.4). 
 Waste of vehicle kinetic energy while braking, especially when driving in urban 
conditions. 
 Energy wastage during engine idling and standby. 
 Low efficiency of hydraulic transmission (automatic) in current vehicles under stop-
and-go driving conditions. 
 
Battery Electric Vehicles (BEVs), on the other hand, possess some advantages over 
conventional IC engines vehicles, such as high energy efficiency and zero tailpipe emissions. 
However, the limited range and long-time charging makes them far less competitive than IC 
engines vehicles. Furthermore, due to the much lower energy density of the batteries 
compared to liquid fuels, BEVS could hardly threaten the dominant position of IC engines 
vehicles in the current stage. HEVs combine the benefits of power sources by gaining the 
advantages of both IC engines vehicles and BEVs and overcoming their individual 
disadvantages. However, HEVs are more expensive than conventional vehicles because of 
the extra components and complexity required, but may be less expensive than BEVs 
because the batteries used in BEVs are of high cost at the moment. 
Chapter 2. Background  25 
 
 
There are five common design options: series, parallel, series-parallel, complex and plug-in 
hybrid [19]. In any IC engines based HEV, there are two forms of energy flowing through the 
drive train: mechanical energy and electrical energy. Adding two powers together or splitting 
one power into two at the power merging point always occurs with the same power type, 
that is, electric or mechanical [71]. 
 
 
Figure 2.5 Schematic drawing of a) Series hybrid vehicle, b) Parallel hybrid vehicle, c) Series Parallel hybrid 
vehicle and d) Complex hybrid vehicle 
 
 Series Hybrid – as shown by Figure 2.5a). This is the simplest model of HEVs (also 
named range extender hybrid). In this power train, the IC engines mechanical power 
is firstly converted into electrons using a generator; the converted electricity either 
charges the battery pack or supplies the electric motor directly for traction. Since 
there is no mechanical connection between the engine and the driven wheels, the IC 
engines can operate at the peak efficiency point continuously, therefore improving 
the engine thermal efficiency. The disadvantage is there are three propulsion devices, 
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which increases the total vehicle weight. One example of series hybrid vehicle is 
Chevrolet Volt (however it can also classify as Plug-in Hybrid) [72]. 
 
 Parallel Hybrid – as shown by Figure 2.5b). The parallel HEVs allow both the engine 
and the electric motor to deliver power in parallel to drive the traction wheels. The 
electric motor operates as a generator to charge the battery while braking, or when 
the IC engine output is greater than the required to drive the wheels. Compare to 
series hybrid, parallel hybrid needs less propulsion devices, and a downsized IC 
engine and a smaller motor can be used. A good example is Honda Insight [73]. 
 
 Series-Parallel Hybrid – as shown by Figure 2.5c), series–parallel hybrid incorporates 
the features of series and parallel HEVs. It consists of an additional mechanical link 
compared with the series hybrid and another generator compared with the parallel 
hybrid. Although the series–parallel HEV is more complicated and costly [74], with 
the advances in control and manufacturing technologies, some modern HEVs 
manufactures still prefer to adopt this system. 
 
 Complex Hybrid Systems – as shown by Figure 2.5d), the generator and electric 
motor in series–parallel hybrids are both electric machinery. However, the key 
difference is between the bidirectional power flow of the electric motor in the 
complex hybrid and the unidirectional power flow of the generator in the series–
parallel hybrid. The complex hybrid suffers from higher complexity and costliness. 
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However some newly introduced HEVs adopted this system, such as the dominating 
hybrid vehicle -Toyota Prius [75]. 
 
 Plug-in Hybrid Systems – By increase the size of the storage battery, the regular 
hybrid system could convert a plug-in hybrid system, however, plug-in hybrid vehicles 
(PHEVs) include but are not limited to the mentioned four IC engines based hybrid 
systems, they can also be plug-in hydrogen hybrid vehicles (discussed in Chapter 5). 
PHEVs have larger battery packs than standard HEVs, which provide an all-electric 
driving range of about 10 to 40 miles, referred to PHEV-miles, e.g. PHEV-10 or PHEV-
40 [76]. On an empty battery, PHEVs perform like HEVs, consuming less fuel and 
producing fewer emissions than similar IC engines vehicles. 
 
2.3 Battery Electric Vehicles (BEVs) 
2.3.1 History 
Battery Electric Vehicles (BEVs) simply use an electric motor for traction, and chemical 
batteries as energy sources. The first Battery Electric Vehicle (BEV) was built by Thomas 
Davenport in 1834 - a few decades earlier even than the IC engines vehicle [77]. The first 
vehicle to surpass the 100 km/h barrier was also a battery vehicle, namely the ‘Jamais 
Contente’ which was driven by Camille Jenatzy in 1899 [78]. Hence BEVs were not a new 
concept even 100 years ago. In comparison with early IC engines vehicles, BEVs were 
comfortable, quiet, and clean and did not need to be cranked. However, due to the limited 
energy storage capacity of the battery, the range was very limited, and at the same time 
internal combustion engine technologies improved dramatically. As a consequence, the BEV 
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almost vanished by the 1930s [79]. Several decades later, due to the energy crisis and oil 
shortage in the 1970s, automakers and policy makers started to reconsider improving BEVs, 
as they offered high energy efficiency and allowed the diversification of energy sources [80]. 
According to a 2007 analysis by the Natural Resources Defence Council and the Electric 
Power Research Institute, no matter how a plug-in hybrid gets its power - fully from coal 
power plants, from the national average fuel mix, or from renewable energy - it always has a 
smaller carbon footprint than an IC engine vehicle [81, 82]. 
2.3.2 Current Status 
BEVs use an electric motor for traction instead of an IC engine, and use batteries for their 
energy source instead of liquid fuels. BEVs have many advantages over the conventional IC 
engines vehicles, such as no tailpipe emissions, which improves urban air quality, high Tank 
to Wheel (TtW) energy efficiency and independence from fossil fuels. The battery vehicle 
drive train consists of three major sub-systems [6]: 
 Electric motor propulsion system—vehicle controller, power electronic converter, the 
electric motor, and transmission. 
 Battery system—batteries, Battery Manage System (BMS), and charging unit. 
 Auxiliary system—heating/cooling, electronic pumps, and other electronic auxiliaries. 
The principle of the BEVs operation is very straight forward, based on the control inputs 
from the accelerator and brake pedals, the vehicle controller provides control signals to the 
electronic power convertor, which functions to regulate the power flow between the electric 
motor and battery. Then the electric motor provides traction to the wheels. The motor can 
also play the role of a generator, converting the braking energy to electrons and charging the 
battery, the energy management unit cooperates with the vehicle controller to control the 
Chapter 2. Background  29 
 
 
regenerative braking and its energy recovery. The electric motors produce a great amount of 
torque from rest to give amazing performance. In terms of acceleration and power, BEVs are 
superior to IC vehicles. 
 
Although both BEVs and HEVs are have a battery pack, the characteristics of the BEVs and 
HEVs battery packs are distinctly different. The BEVs battery pack has high specific energy 
while the HEVs battery pack has high specific power. Since the motor in a power-assist (grid-
independent) HEV is used intermittently and must be capable of producing high power for 
short periods of time (e.g. during maximum acceleration), its battery pack should be 
optimized for high power. Whereas in BEVs, the motor needs to provide all of the traction 
power, hence the battery pack is relatively in a larger size, the battery not only needs to be 
capable of producing high power, but also needs to be capable of high energy to last. In this 
case, the high power factor will not be an issue due to the size of the battery pack. 
2.3.3 Future Development 
While significant progress has been made in developing automotive batteries, the following 
challenges remain: 
 Reduce cost- Currently a Li-ion battery with 35 kWh storage capacity costs around 
£18,000 to manufacture, while a few organizations (ANL, IEA, EPRI, and CARB) project 
future price about 1/3 of this. Reducing the cost of battery pack therefore is the key 
challenge for BVs development, according to BERR & DfT reports 2008 [83]. 
 Improve safety- Current nickel and cobalt-based oxide Li-ion cathode materials have 
potential issues with overcharging [84]; clearly, voltage control at cell, module and 
battery level is critical to prevent overcharging of automotive Li-ion batteries, but all 
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factors that will inevitably increase Li-ion battery cost further. Lithium iron phosphate 
cathodes offer a promising future but with less specific power density. 
 Prolong the life-span- as an automotive battery, it should last at least 10 years or 
150,000 miles under variety of conditions, whereas current average life of vehicles 
registered in the UK is 13.2 years [85]. 
 Shorten the charging time and better charging facility is needed. 
 Reduce size and weight of battery pack. 
 Charging infrastructures in both public and home. 
 
2.4 Hydrogen Fuel Cell Vehicles (HFCVs) 
2.4.1 Introduction 
Fuel cell technology was introduced in 1839 when Sir William Grove discovered that it is 
possible to generate electricity by reversing the electrolysis of water [86]. More than 100 
years later, in the 1960s, fuel cells were used in the Apollo space program as they are safe, 
compact, light and zero emission [87]. 
 
Recently, a number of automobile makers and government agencies have supported large 
R&D programmes for hydrogen fuel cell technology in transportation. Hydrogen Fuel Cell 
Vehicles (HFCEVs) share many of the same components as those used in BEVs, such as 
electric motors and power controller or inverters; however, the main energy sources are 
completely different. While BEVs use energy stored in the battery, HFCVs use a fuel cell. A 
fuel cell is an electrochemical device that coverts stored energy into electricity by chemical 
reactions, similar to a battery, but superior to a battery in many ways relevant to 
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automobiles [88]. The major advantages are that fuel cells are lighter and smaller and can 
coverts stored energy into electricity as long as fuel is supplied. 
 
Due to the clear similarities between batteries and fuel cells, both of these technologies will 
coexist in the future, while the BEVs is suitable for short range and small vehicles, the HFCEV 
is suggested to be applied in medium-large and long range vehicles [2]. 
 
The PEM (Proton Exchange Membrane) fuel cell is probably the best choice for automobile 
use [89]. The principle of how Hydrogen Fuel Cell Vehicles (HFCEVs) work is simple, they use 
fuel cells to convert hydrogen into electricity; the electricity is then used either to drive the 
vehicle or to be stored in an energy storage device, such as batteries or ultra-capacitors. 
Since fuel cells generate electricity from chemical reactions, they do not combust fuel and 
therefore producing nil pollutants and much less heat compared to an IC engine. The by-
product of a hydrogen fuel cell is merely pure water. Fuel cells have few moving parts nor 
irregular shapes, so they have the potential for high reliability and low manufacturing cost 
for automobiles [90]. 
 
Although HFCVs possess wide range of advantages, they also have certain limitations; these 
relate to the fuel cell stack itself and its fuel: hydrogen generation, cost, transportation, 
infrastructure, safety and storage. 
2.4.2 PEM Fuel Cell Stack 
The PEM fuel cell stack acts as the power generator as the engine does in a conventional 
vehicle, which is the most important part. Recently, PEM fuel cell technologies have been 
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developing rapidly [82]. However, two key limitations still remain: cost and durability. The 
cost for an IC engine power plant is about USD25-35 per kW. Current fuel cell systems are 
estimated to be about 5 times more expensive, even taking into account the cost savings 
that can be made with high-volume manufacturing [91]. This is because the direct costs of 
raw materials and manufacturing for catalysts, bipolar plates, membranes, and gas diffusion 
layers are currently extremely high. On the other hand, the fuel cell stack for an automotive 
engine is expected to be as durable and reliable as current automotive engines, i.e. 5,000 h 
lifespan or 150,000 miles equivalent under a range of operating conditions, including 
different temperatures and climates [92]. 
2.4.3 Hydrogen as Fuel for Fuel Cell Hybrid 
Fuel cell performs better when operating in a consistent condition and could achieve their 
maximum efficiency at partial load. However, a vehicle requires a variety of power outputs 
according to the road and traffic conditions. Hybridization of a fuel cell with Peak Power 
Sources (PPS) could solve these problems, for instance, to use batteries or ultra-capacitors 
when the demand of power is large to reach higher speed or acceleration. PPS could also 
help the fuel cell to provide the boost while power demand is low, such as when 
deceleration or downhill. The extra energy can be replenished to PPS; this allows the fuel cell 
system to be operated more efficiently [93]. In addition, a smaller fuel cell can be used, for 
instance, to maintain a vehicle at 70 mph continuously requires 15 kW at the wheels, so a 20 
kW fuel cell stack should be able to cope with this. 
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So a hybrid fuel cell with a Peak Power Source (PPS) could offer a viable solution for electric 
vehicles. This configuration will offer the following advantages compared to full fuel cells 
vehicles [6]:  
 Smaller fuel cell means lower cost. 
 Fuel cell could operate at partial load to achieve its optimum efficiency. 
 Fuel cell life will be extended. 
 The fuel cell designer will be able to optimize the cells for power and efficiency 
instead of cycle life. 
 Eliminate deep discharging from the battery; therefore improving the batteries’ life. 
 Allows fast start-up of the fuel cell. 
 Allows capture of regeneration energy. 
 
The disadvantages of hybridization are the complexity of the vehicle system, weight increase, 
complexity of the control system, and extra battery cost. 
2.4.4 Future Development 
Based on the above discussion, further research should focus on: 
 Reducing the cost of hydrogen—it has to be competitive with conventional fuels. 
 Improving hydrogen storage technology—the low volumetric energy density of 
hydrogen makes storage a challenge. The storage needs to meet vehicle packaging, 
cost, and performance requirements. 
 Reducing fuel cell cost and improving durability—the cost of fuel cell power systems 
has to be reduced and durability must be improved for fuel cells to compete with 
conventional technologies. 
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2.5 Comparison 
Table 2.2 shows the different types of vehicles in terms of cost, performance to CO2 
emissions. The chosen model for each vehicle type is the representative of the most 
advanced technologies in its class. 
Power Train Petrol IC Diesel IC 
Petrol /  
Electric  
Hybrid 
Hydrogen Fuel 
Cell 
Battery Electric 
Reference vehicle Volkswagen 
Golf 1.4 TSI 
Volkswagen 
Golf 1.6 TDI 
Toyota Prius  
III 
Honda FCX 
Clarity 
Nissan Leaf 
Top speed (mph) 125 118 112 100 90 
Acceleration (0-60 
mph, s) 
9.5 11.3 10.4 10.0 7.0 
Maximum range
(a)
 
(miles) 
500 500 650 240 100 
Number of seats / 
doors 
5/5 5/5 5/4 4/4 5/5 
Storage space (L) (rear 
seat unfolded/folded) 
350/1305 350/1305 612L 371L 410L/680L 
Purchase price (before 
subsidy) 
$21,400
(b)
 $21,740
(b)
 $24,000 
$50,000 
(estimated) 
$35,200 
Fuel cost – before tax 
($/miles) 
$0.097/$0.046 $0.059/$0.028 
$0.073/$0.03 
5 
N/A N/A 
– price after tax
(c)
 
US/UK($/mile) 
$0.11/$0.14 $0.07/$0.9 
$0.082/$0.10 
3 
$0.067
(d)
 $0.041 
Official fuel 
economy
(a)
 (mpg, US) 
38 62 50 60
(e)
 99
(e)
 
CO2 emissions – 
tailpipe (g/km) 
144 99 89 0 0 
– estimated total 
WTW(g/km) 
163 118 101 0 to 134
(f)
 0 to 75.7
(g)
 
Table 2.2 Comparison of vehicle technologies from a consumers’ perspective. 
Notes: 
a) Based on the US EPA dynamometer drive cycles; 
b) Equivalent US price, as those model not available in US market, price was estimated based on the 
average ratio between UK and US retail price. Guided UK retail price is £18,395 [94]. 
c) Ranges based on energy price and taxation levels in the US (low, average $0.49 per US gallon, plus 
VAT) [95] and UK (high, £0.5795 per litre or £2.19 per US gallon, plus VAT) [96]. Electricity cost of 
$0.12/ Kw-hr [97] and premium gasoline price of $4.12 per gallon (Sep, 2012) [98], UK petrol cost 
£1.31/L (July 2012)[99] , equal £3.3 per US gallon. And 1GBP=1.57USD 
d) Based on hydrogen price retail in California $3.99/kg [100]. 
e) Conversion 1 US gallon of gasoline=33.7 kW-hr and 1 kg of hydrogen is roughly equivalent to 1 US 
gallon of gasoline.  
f) Based on US hydrogen production CO2 emission from centralised SMR plants, every 1 kg hydrogen 
production emit 13.7 kg CO2 gas [101], however, 90% reduction can be achieved by CCS [102]. 
g) Based on 2009 average US electricity generation CO2 emission 508 g/kWh, data from IEA [103]. 
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2.5.1 Vehicle Energy Efficiency (TtW) 
The terms of Tank to Wheel (TtW) is a measure of the overall efficiency of the vehicle system, 
i.e. how efficiently the vehicle converts the fuel in its tank to energy to rotate its wheel and 
move the vehicle. Figure 2.6A illustrates the TtW energy efficiency of IC engines vehicles and 
shows that more than half of the energy is wasted as heat from the engine heat and exhaust. 
Moreover, the idle and standby cycles are responsible for around 17.2% loss of useful energy, 
with today’s highly efficient gearbox, driveline and electronic device, another 7.8% energy is 
lost, with only 12.6% energy to overcome the aero drag, rolling resistance and inertia 
(braking) forces [104]. 
 
Figure 2.6 Overall efficiency of the vehicle system 
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Figure 2.6B and Figure 2.6C show the TTW efficiency of battery vehicle and fuel cell vehicle 
respectively. The figures show that they have common characteristics, for example, both 
generate electricity to drive the electric motors. Fuel cells derive their energy from hydrogen 
stored in the vehicle, while battery vehicles are powered solely from batteries charged via 
the electrical grid. Both hydrogen and electricity can be made from low and zero carbon 
sources such as solar, wind and biomass [105]. From the figures it can be seen that the net 
output of 73.3% for battery is much higher than 44.9% which was output by fuel cell. But the 
battery is limited by poor energy storage compared to hydrogen. 
2.6 Conclusion  
Hydrogen FCEVs present the most promising long-term alternative to current IC engines 
vehicles because they give improved efficiency, zero emissions and equivalent performance 
and range to conventional vehicles. 
  
3. Chapter Three 
Hydrogen as Fuel for Transport2 
 
 
 
 
 
 
 
 
 
 
 
 
  
                                                     
2
Chapter 3 is developed from author’s contributed chapter “Fuel-Cell (Hydrogen) Electric Hybrid Vehicles” of 
book “Alternative fuels and advanced vehicle technologies: Towards zero carbon transportation”, by 
Woodhead Publishing. 
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3.1 Introduction  
This chapter assesses the benefits and disadvantages of hydrogen based transport by 
evaluating hydrogen combustion vehicles and hydrogen fuel cell hybrid vehicles. It is clear 
that the key problems of hydrogen are infrastructure, storage, cost and safety. A theoretical 
model for comparing combustion and fuel cell hybrids is put forward to show that the hybrid 
gives the best results in most drive cycle tests. The extra efficiency of the HFCV hybrid 
reduces the storage problem significantly. 
3.1.1 History of Hydrogen as Fuel 
Historically, the first internal combustion engine was developed by François Isaac de Rivaz 
(from Switzerland) in 1806 who designed an engine to run upon mixtures of fuel of hydrogen 
and oxygen as shown in Figure 3.1 [106]. 
 
                         
Figure 3.1 Schematic of the H2 fuelled vehicle concept. Patented by Isaac de Rivaz, 1807 
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At that time, the hydrogen was stored on-board as compressed gas in a balloon which was 
only able to power the vehicle for about 100 metres. The hydrogen storage problem was 
evident two centuries ago, this is because hydrogen has the lowest atomic weight of any 
chemical compounds and hence has extremely low density in both forms of gaseous and 
liquid [107]. However, on the other hand, hydrogen has the potential to be the ideal fuel for 
transport. It is abundant in nature, and is efficient in providing power to automobiles. Since 
1807, hydrogen has been used as a fuel in 456 applications in transports, including 
automobiles, ships, aeroplanes, and space shuttles. The use of hydrogen as a potential fuel 
can reduce dependency on foreign fossil oil, improve local air quality and eliminate carbon 
dioxide emissions from transport, regardless of how the hydrogen is used and its origin [108]. 
 
Hydrogen is acknowledged to be a long-term sustainable alternative fuel for fossil fuels in 
the transportation sector which is forecasted to be the single largest market [109]. It is 
considered as fuel with vertically unlimited supply and has been named as “forever fuel” by 
Hoffmann [110]. 
3.1.2 Ways to Use Hydrogen as Fuel in Transport 
Firstly, Hydrogen can be combusted in an IC engine vehicle with the oxygen from air, 
similarly to a conventional petrol vehicle. H2ICE is often questioned for inefficiency and large 
fuel tanks [111], the H2ICE can achieve around 40% efficiency whereas for a natural aspired 
spark ignited internal combustion petrol engine it is 35.74% according to the Second Law Of 
Thermodynamics [112]. With chamber direct injection (DI) of hydrogen, 45.5% thermal 
efficiency has been recorded by ANL in 2011 achieved the DoE 2015 goal in efficiency [113], 
however the cost and durability has not been published. Furthermore, the advanced 
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hydrogen storage technologies (700 bar compressed gas or liquid) would render storage of 
sufficient amount of hydrogen on-board feasible. 
 
Secondly, hydrogen can be used in a fuel cell, generating electricity and water with a 
maximum efficiency of 60%, which is twice as much as that of the normal combustion 
process. The electricity then powers the motor to drive the vehicle [114]. 
 
In order to understand the problems of hydrogen as fuel on vehicles, a comparative test of 
two vehicles was undertaken - one vehicle was an IC engine Transit van available from 
CENEX [115] and the other was a Micro-cab vehicle sponsored by Royal Mail, as shown in 
Figure 3.2. 
 
 
Figure 3.2 Royal Mail Collaborated Hydrogen vehicle projects, Micro-Cab HFCV (left), H2ICE Transit Van (right) 
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3.2 Hydrogen Internal Combustion Engine Vehicles (H2ICE)  
Generally speaking, using an internal combustion engine running on hydrogen is not difficult. 
However, to run the engine smoothly and efficiently is far otherwise. The properties of 
hydrogen that could contribute to its use as combustible fuel are: 
 
 Wide range of flammability – the flammability limit of hydrogen is from 4 to 75 vol%, 
allowing hydrogen combusted in an internal combustion engine over a wide range of 
air/hydrogen mixture, making hydrogen ideally suited for ultra-lean burn operation, 
as lean as λ=10, to as rich as λ=0.17 (0.1<φ<7.1)3 , The flammability limits are even 
wider if temperature is raised, at 300 oC, the lower flammability limit decreased to 
λ=20(φ=20) [116]. 
 Low ignition energy – energy need to ignite hydrogen is only 0.02mJ, 14 times less 
than standard Octane petrol [116]. Enables H2ICE prompt ignition even with lean 
mixtures. 
 High auto ignition temperature – allows higher compression ratios to be used in a 
hydrogen engine than in a petrol engine, therefore greater engine efficiency can be 
achieved. Since the auto ignition temperature is significantly higher than diesel, it is 
not easily reached with normal compression ratio alone; hence hydrogen is better 
suited for spark ignition IC engine. H2ICE has seen used at compression ratios from 
7.5:1 to 14.5:1 [117]. 
 High flame speed at stoichiometric condition – The laminar flame speed of air and 
hydrogen mixture at stoichiometric condition is about 10 times that of petrol. 
                                                     
3
 λ stand for air to fuel ratio and φ stand for fuel to air ratio 
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Therefore hydrogen engines can more closely approach the thermodynamically ideal 
engine cycle [118]. 
 High diffusivity – this make possible the formation of a uniform mixture of hydrogen 
with air, and hydrogen disperses quickly if there is a leakage. 
 Extremely low density – Firstly, this posed the challenge to store enough hydrogen 
on-board of vehicle for an acceptable driving range, as discussed previously. Secondly, 
the energy density of a hydrogen-air mixture, and hence the power output, is 
reduced for port fuel injection IC engine. See diagram demonstrations in Figure 3.3. 
 
 
Figure 3.3 Diagrams of Petrol and Hydrogen with Mount of Air Mixture in IC engine. 
 
3.2.1 Results of Comparative Tests 
In partnership with CENEX [115], the author studied and tested one of the hydrogen internal 
combustion engine vehicles on behalf of CENEX. The objectives of the test were to evaluate 
safety, reliability, and practicality of use, as well as to quantify vehicle emissions, running 
cost and performance. Key findings were; 
 Range – up to 97 miles on hydrogen. 
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 Carbon free tail-pipe emission, but Well to Wheel CO2 emission from 0 to 533 g/km 
depends on the hydrogen production pathway. 
 Average Hydrogen cost per mile: £1.35 as in April 20094. 
 Engine heat up quicker by 8.5% on hydrogen than petrol. 
3.2.2 Vehicle Modification – The Royal Mail Hydrogen IC engine Van 
A Ford Transit 2.3L petrol engine van was employed as the testing vehicle. The internal 
combustion engine had been modified to operate using compressed hydrogen gas but can 
also operate on petrol fuel.  There was a fuel selection switch located on the dashboard 
panel to the right hand side of steering wheel. An additional fuel rail and injectors to inject 
hydrogen fuel direct to manifold branch were installed purposely (Figure 3.4). 
 
Figure 3.4 Modified IC engines for Hydrogen Fuel 
 
A belt driven supercharger has been installed to provide extra air when fuel mode is selected 
to hydrogen only; an intercooler is also installed to cool the air. Hydrogen was stored 
                                                     
4
 The calculation based on hydrogen cost of £20 per kilo (green hydrogen hence the cost), due to there was a 
hydrogen leakage; the actual average cost is lower than £1.35. 
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compressed in three tanks under the vehicle (Figure 3.5), with storage capacity of 4.5 kg of 
hydrogen at 350 bar. 
 
Figure 3.5 Hydrogen Storage Tank Layouts and Position 
 
3.2.4 Hydrogen Consumption and Cost 
The H2ICE was refuelled 8 times through an Air Product 100 hydrogen refueller. Total 14.4 kg 
H2 has been consumed and 212 miles have been driven. To evaluate the fuel economy, the 
estimation method ‘Miles per Bar drop’ has been used. Although the ‘Miles per Bar drop’ 
calculation is not purely linear, it could give an indication of how much hydrogen was 
consumed for typical driving. From Figure 3.6, it can be seen the most desired result is from 
the motorway test, about 0.28 miles per bar drop, even higher than the theoretical 
computer calculated figure given from REVOLVE - 0.25 miles per bar drop [119]. However, 
driving in urban and campus which involved frequent stops caused dramatic decrease on the 
figure to 0.06-0.09 miles per bar drop5.  
                                                     
5
 The figures also was affected by hydrogen leaking in pipeline. 
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Date 
10-Mar-
09 
16-Mar-09 24-Mar-09 27-Mar-09 30-Mar-09 09-Apr-09 20-Apr-09 28-Apr-09 
 
#23 #28 #32 #34 #35 #37 #38 #39 
Start Pressure 19 Bar 177 Bar 38 Bar 97 Bar 178 Bar 181 Bar 295 Bar 241 Bar 
Finish Pressure 234 Bar 304 Bar 252 Bar 268 Bar 330 Bar 311 Bar 349 Bar 336 Bar 
Hydrogen filled 3.2 Kg 1.2 Kg 3.0 Kg 2.3 Kg 1.1 Kg 1.7 Kg 0.7 Kg 1.2 Kg 
Refuel Start Time 15:04:34 15:37:32 16:08:54 15:23:25 11:49:10 11:25:56 15:47:56 14:14:51 
Refuel Finish Time 15:06:49 15:39:38 16:11:54 15:25:11 11:51:21 11:27:45 15:48:40 14:16:24 
Time Used 135 Sec 126 Sec 180 Sec 166 Sec 131 Sec 109 Sec 104 Sec 87 Sec 
Range 3.5Miles 58Miles 27.6Miles 0 27.8Miles 0 9.9Miles 85.8Miles 
Condition Campus Combined Combined Parked Urban Parked Urban Combined 
 
 
Figure 3.6 Hydrogen Consumption (miles per bar drop) 
 
The H2ICE van had good feedback overall from the driver during the trial. The performance 
and drive range were satisfactory for fleet operation. This result shows that the H2ICE system 
may provide a cost-effective alternative to fuel cell technology and traditional combustion 
engines, therefore bridging the gap between today's petrol/diesel powered vehicles and the 
fuel cell vehicles of the future. 
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Technologically this is less challenging than the development of fuel cell vehicles and H2ICE is 
seen by both leading automotive manufacturers and smaller SME developers as a bridging 
technology, until fuel cell vehicles become widely available. For instance, BMW has 
introduced six generations of hydrogen powered internal combustion engine vehicles since 
1979; Ford and Mazda have demonstrated the H2ICEs since 1990s [116]. 
3.2.4 H2ICE-electric Hybrid 
Like the standard IC engines vehicles, the H2ICE vehicles could also hybrid with secondary 
power source (i.e. batteries), therefore improve their efficiencies and reduced emissions. In 
a hybrid electric vehicle (HEV), the IC engine operates with an electric motor in different 
configurations. For instance, in series hybrid configuration, it allows H2ICE to operate at 
single speed at maximum power with minimum emissions. Van Blarigan and Keller [120] 
report the single speed H2ICE peak has been achieved thermal efficiency of 44% at 1800RPM 
with compression ratio of 14:1, at the same time, the H2ICE HEV can operate lean enough to 
output near zero NOx emissions, these make the H2ICE electric hybrid a very attractive 
option toward future low carbon vehicle. 
3.2.5 A Bridging Technology for Fuel Cell?  
H2ICE technology can be developed faster and more reliably than fuel cells at the moment, 
as the IC engines technology has been developed and perfected for more than 150 years. 
The U.S. Department of Energy (DoE) has set challenging goals for H2ICE, as following: 
 A brake thermal efficiency of 45%. 
 Tier 2 Bin 5 emissions (less than 0.07 g/mi NOx emissions). 
 Equal or better power output than a comparable petrol engine. 
 A cost target of $30/kW in 2015 (same as PEMFC goal). 
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In addition, H2ICE vehicles could solve the ‘chicken-and-egg’ situation of which comes first i.e. 
the fuel cell vehicle or the hydrogen infrastructure [121]. Furthermore, H2ICEs normally 
allow dual fuel operations - the engine can run on both petrol and hydrogen. This makes the 
start-up of a hydrogen infrastructure much easier and the experience gained from it can be 
directly translated to fuel cell vehicles in a more practical and efficient way in the future. The 
H2ICE engines are capable of running on a lower purity hydrogen supply than fuel cell 
systems (standard industrial grade purity hydrogen is adequate for IC engines). But the key 
problem is the hydrogen storage volume plus the weight of pressurised containers. 
 
3.3 Hydrogen Fuel Cell Vehicle HFCVs 
Hydrogen also can be used in fuel cell vehicles (FCVs); FCVs are attractive potential 
replacements for conventional IC engines vehicles because they can offer similar (even 
better in some aspects) performance, greater efficiency, more environmental friendly, 
therefore receiving increasing attention in recent years. Many of the leading auto 
manufacturers have demonstrated their fuel cell vehicles, and are even beginning to put fuel 
cell vehicles rental to selected customers onto their agenda [122, 123]. 
 
FCVs have the potential to perform functions for which conventional vehicles are poorly 
suited, such as providing remote electrical power (acting as electricity generators) when 
needed, such as Honda home hydrogen station [124]; and eliminating mechanical and 
hydraulic subsystems in conventional vehicles hence providing greater design flexibility, FCVs 
also offer the potential for using fewer vehicle platforms and therefore more efficient 
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manufacturing approaches, a good example is the GM ‘Autonomy’ skateboard FCV, allowing 
different body shells to share one vehicle chassis. 
 
Experiments (Chapter 7) showed that the fuel cell hybrid was twice as efficient as the 
combustion van. Also performance in start-up and drive-cycle testing was good for the 
campus testing. 
3.4 Key Problems for Hydrogen Fuel  
3.4.1 Storage 
Sufficient storage of hydrogen is the key to commercialising this new technology for vehicle 
power systems. Table 3.1 demonstrates the varied densities of hydrogen in conventional 
fuels under different conditions. 
Fuel Density Energy Density (LHV) 
 (kg/L) (kg/M
3
) MJ/kg MJ/L kWh/kg kWh/M
3 
H2 at 20°C, 1 atm 0.0000899 0.0899 120 0.01006 33.3 2.79 
H2 at 20°C, 350 bar 0.025 25 120 2.8 33.3 775.86 
H2 at 20°C, 700 bar 0.039 39 120 4.4 33.3 1210.34 
H2 Liquid at boiling point, 1 atm 0.0708 70.8 120 7.92 33.3 2197.24 
Petrol 0.702 702 42.7 31.2 11.86 8666.67 
Diesel 0.855 855 41.9 36.5 11.64 10138.88 
Table 3.1 Densities of hydrogen in conventional fuels under different conditions 
 
By weight the energy density of hydrogen is three times larger than that of petrol and diesel, 
with 120 MJ/kg versus 42.7 MJ/kg for petrol and 41.9 MJ/kg for diesel. However, the 
extraordinary low density of hydrogen determines its immense volume that is much larger 
than petrol and diesel thus requiring vast space for storage under room temperature and 
pressure. Even when hydrogen has been liquefied, it is still one quarter of the volumetric 
energy content of petrol, figuring at 7.92 MJ/L for liquid hydrogen compared to 31.2 MJ/L 
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for petrol. However, this could be partly offset by the higher efficiency of fuel cells related to 
IC engines. 
 
For transportation applications, the principal challenge is how to store the necessary amount 
of hydrogen required for considerable driving ranges (>300 miles), with the constraint of 
weight, volume, durability (>1,500 cycles), efficiency and costs. A hydrogen fuelled vehicle 
may need to carry 5-13 kg of hydrogen on board in order to match the current conventional 
vehicles’ performance [125]. 
 
At the present, the main methods for hydrogen storage in vehicles are: 
3.4.1.1 Compressed Hydrogen 
Compressing hydrogen is the most accessible and economical way for direct use in 
automobiles [126]. Currently, both 350 bar and 700 bar carbon fibre reinforced hydrogen 
tanks are commercially available at low production volumes and high cost.6 In addition, 
compressing hydrogen to 350 bar and 700 bar would require an additional 7%-15% energy 
which can be lowered providing the hydrogen was initially produced at high pressures [127]. 
3.4.1.2 Liquid Hydrogen 
Hydrogen can be liquefied for on-board vehicle storage, in order to store hydrogen in a 
liquid state, it is necessary to maintain it at -253oC at ambient pressure [128]. Therefore a 
highly insulated liquid hydrogen tank is required for such applications. 
                                                     
6
 From Dynetek Industries Ltd (http://www.dynetek.com/hydrogen). 
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3.4.1.3 Metal Hydride  
Many metals and alloys are capable of repeatedly absorbing and releasing large amount of 
hydrogen, meanwhile storing it at solid state under low pressure. The process absorbing 
hydrogen into the lattices through cooling and releasing hydrogen through heating [129, 
130]. It is known to be one of the safest methods, however the low energy density of 
hydrogen when stored using metal hydride obstructs the process of successfully achieves the 
challenging 9% U.S. DoE storage target by 2015 [131]. However, there are other 
shortcomings such as the longer refuelling time, heavy weight, and slow release rate at 
normal temperature which is not fitting for automobile applications. 
3.4.2 Production 
Hydrogen can be produced from a diversity of natural resources, for instance, water, plants, 
as well as fossil fuel and therefore could potentially reduce countries’ dependency on 
foreign oil when either burnt or used in a fuel cell as previously discussed in Chapter 2. 
However the main disadvantage of hydrogen is that, it is always chemically ‘bonded’ with 
other elements such as oxygen (e.g. H2O) or carbon (e.g. CH4). It has to be released from 
such compounds before it can be used as an energy carrier. 
 
Traditionally, hydrogen is produced by using oil, natural gas, and coal. These currently 
account for  95% of the global hydrogen production [125] and only 4% and 1% is generated 
from water using electricity and biomass respectively [127]. 
 
Hydrogen can be produced from vehicle on-board, small to medium size distributed on-site 
facilities and large centralised plants [125]. 
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 On-board production – Hydrogen can be produced on-board of vehicle from 
hydrogen-rich resources such as methanol, ethanol, natural gas, and petrol/diesel 
fuels [132]. In practice, hydrogen distribution infrastructure and on-board storage are 
still posing number of difficulties for automotive sector. Generating hydrogen from 
on-board via reformer is considered to be a more feasible and approachable solution 
for automotive applications [133]. The main disadvantage of on-board reforming 
systems is high cost, the extra space required for installation of equipment and 
storage of hydrogen, the increasing weight of vehicle, the delay on response, and the 
limited efficiency and durability. 
 Small to medium size distributed on-site production – probably the most viable 
solution for introducing hydrogen as a fuel. It needs less initial investment for the 
smaller capacity production, without excessive requirement of hydrogen transport 
and delivery infrastructure. The distributed station could reform natural gas or liquid 
fuel, and electrolysis of water to produce hydrogen, and in need of hydrogen storage 
to meet the variable demand for hydrogen during a 24-hour period. 
 Large centralised production – Centralised production of hydrogen benefits from the 
lower cost approach, allowing more sensible management of greenhouse gas 
emission through methods such as Carbon Capture and Storage (CCS). Central 
production of hydrogen could potentially include a more diversified feedstock base, 
such as fossil fuels, nuclear and other renewable sources. However, it needs the 
infrastructure in place. 
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3.4.3 Infrastructure 
Like oil and natural gas, hydrogen can be transported via pipeline or shipped in containers, 
currently 90% of commercial hydrogen is transported via liquid tankers [134]. Due to the 
characteristic of low density, hydrogen distribution at any stage is inevitably challenging and 
costly. The U.S. DoE target for hydrogen distribution is < USD1/gge by 2019 against the 
current figure of USD 4-9 /gge depending upon the amount and quantity [135]. 
There are primarily three ways to distribute hydrogen from centralised plant: 
a. Distribution in gaseous from through pipeline and high pressure tube trailer 
b. Liquefying and transporting hydrogen in cryogenic tank trucker. 
c. Higher volumetric energy density carriers. 
 
Figure 3.7 University of Birmingham hydrogen dispenser 
 
However, all the methods of hydrogen delivery still present infrastructure challenges. It is 
predicted that hydrogen fuelled vehicles will first penetrate to commercial and public 
transport sectors, such as buses, taxis, logistics industry, university fleet vehicles which 
operate from central depots to multi-destinations, as it is easier to store and dispense 
hydrogen, before the network of hydrogen infrastructure is established and popularised 
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[109]. For example, University of Birmingham has 5 hydrogen vehicles and a dispenser as 
shown in Figure 3.7. 
3.4.4 Cost 
 
Figure 3.8 Cost of hydrogen from a 150,000kg/d central plant (estimated) 
 
 
 Delivery 
Pathway 
Liquid Tanker 
Lorry, $/kg 
Gas Tube 
Trailer, $/kg 
Pipeline, $/kg 
  Production 2.21 1.30 1.00 
Natural Gas  Delivery 0.18 2.09 2.94 
  Dispensing 1.27 1.00 1.07 
  Total 3.66 4.39 5.00 
  Production 3.06 2.09 1.62 
Coal  Delivery 0.18 2.09 2.94 
  Dispensing 1.27 1.00 1.07 
  Total 4.51 5.18 5.62 
  Production 3.53 2.69 2.29 
Biomass Delivery 0.18 2.09 2.94 
  Dispensing 1.27 1.00 1.07 
  Total 4.98 5.77 6.29 
  Production 6.17 5.30 5.13 
Water  Delivery 0.18 2.09 2.94 
  Dispensing 1.27 1.00 1.07 
  Total 7.62 8.39 9.13 
Table 3.2 Cost of hydrogen produced from various feedstock [136] 
The cost of hydrogen production, storage and dispensing is still too high. Figure 3.8 
summarises the hydrogen cost estimates from various feedstock and delivery/dispensing 
methods for large centralised hydrogen plants [136]. The Table 3.2 shows that hydrogen can 
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be produced presently at costs of USD 1/kg and USD 1.62 /kg from natural gas and coal 
respectively with pipeline delivery and dispensing adding an estimated cost of USD 4/kg H2, 
which is up to 4 times more than the cost of its production.  Even when liquid hydrogen 
tanker could effectively offer more cost effective solutions, liquefying hydrogen is energy 
intensive and inefficient, as mentioned previously in this Chapter. 
3.4.1 Safety 
For historical reason, hydrogen has been mis-reputed to be a highly risky element supported 
by the couple of notorious accidents in the past, such as the fire that destroyed the 
Hindenburg airship in 1937 [137]. For many years, it has been widely believed that the 
reason of the fire was the ignition of the hydrogen gas used for lifting the airship, which is 
not truly justified. An investigation by former NASA researcher Addison Bain in the 1990s 
reported evidences that the airship fabric skin was coated with highly reactive chemicals, 
similar to the one used in solid rocket fuels, that easily ignited the airship envelop by an 
electrical discharge [138]. 
 
As a matter of fact, hydrogen is not more dangerous than any other flammable fuels; it is 
simply a different type of fuel that motorists are yet to be familiar with. Like other fuels in 
use today, hydrogen can be handled safely if its physical properties are understood and 
precautions are made [139]. In fact, some of hydrogen’s features actually provide extra 
benefits on safety compared to petrol or other fuels. An official study [16] by Ford Motor 
Company concluded that, with proper engineering, a future hydrogen fuel cell vehicle would 
potentially be more reliable and controllable than petrol fuelled IC engines vehicle in 
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operation. The following list describes the most notable potential safety consideration for 
using hydrogen in automobiles: 
 
Hydrogen refuelling - Proper ‘electrical’ grounding of the vehicle and experienced or/and 
well-trained operator will be essential for safe refuelling in public use. 
 
Vehicle parking - Hydrogen gas is extremely light and diffuses rapidly and as a result when it 
is released due to leaking, there is a risk that it may gather under roofs in closed 
environments, and hence indoor parking facilities requisite good ventilation systems and 
detection, or it may be necessary for vehicles to be kept outside. Similarly, operating 
hydrogen vehicles in tunnels and confined areas may lead to some issues. 
 
Vehicle collision - In a collision, the hydrogen tank may rupture, like a petrol/diesel tank may 
do. Limited accident experiences suggests that, when a vehicle carrying hydrogen, the peril is 
effectively less than that of petrol powered vehicle as hydrogen dissipates very rapidly. 
However, the immediate release of hydrogen into confined spaces like a garage may lead to 
explosions. 
 
Hydrogen leaking and detection - Hydrogen is odourless, colourless and tasteless, so the 
hydrogen leakages become very difficult. Upon the fact that hydrogen rises at a speed of 45 
mph (20 m/s) [140], in case of a leakage, it would quickly rise up from ground to the roof. In 
industry, hydrogen sensors are widely used to detect hydrogen leakage and have so far 
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maintained a high safety record for many years.  Alternatively, researchers are investigating 
to add odorants which can be detected by human without contaminating the fuel cell [141]. 
 
Flammability - Hydrogen has a very wide range of flammable concentrations in air, typically 
from 4% to 75% by volume. As a result, the release of hydrogen presents a larger probability 
of ignition than other gaseous fuel. 
 
Ignitability - The hydrogen-air mixture can be ignited either by a spark or by heating the 
mixture to its auto ignition temperature. The minimum spark energy required for the 
ignition of hydrogen in air is as low as 0.02 MJ (10 times less than petrol vapour), so even an 
electricity spark produced by the human would be sufficient to ignite hydrogen. When it 
burns, the flame is pale blue which is nearly invisible in the daylight. 
 
High pressure tank - The high pressure generally causes public concern about hydrogen 
safety. One may consider the hydrogen tank as an ‘hydrogen bomb’ prejudicially although 
the advanced Carbon fibre reinforced 10,000-psi tanks have demonstrated a 2.35 safety 
factor (23,500-psi burst pressure) as required by the European Integrated Hydrogen Project 
specifications. To further ensure the safety, these tanks undergo a series of testing including 
cycling, dropping, shooting with a rifle, burning, and exposing to acids, salts, and other road 
hazards to validate that they are safe even under severe and even unusual conditions [142]. 
 
Hydrogen Embrittlement - Hydrogen could embrittle metal and non-metallic materials, such 
as steel and plastics, this is a potential hazardous phenomenon. It consists of the penetration 
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of hydrogen into the molecular structure the material. Consequently, it causes a severe loss 
of strength of the material and the possibility of catastrophic ruptures of hydrogen 
containment systems. This makes it more challenging to design equipment, materials, seals, 
valves and fittings for high pressure hydrogen use, such as 350 bar. 
 
Healthy and Environment risks - When risks to public health are considered, all sources 
agree that hydrogen is a non-toxic and a non-carcinogenic compound, thus it does not 
present any concern for medium- or long-term health implications [143]. When hydrogen is 
substituted for hydrocarbon fuels in the energy and transportation sectors, it will improve 
air quality and, consequently, benefit public health.  Currently, hydrogen is present in the 
atmosphere at about 500 ppb (parts per billion) as a mole fraction, which is very likely to be 
increased with development of Hydrogen Economy. To add to this, hydrogen is not a 
greenhouse gas itself, but several recent investigations have addressed it may cause indirect 
greenhouse effects if released in large amounts into the atmosphere, by affecting the 
chemistry that rules the overall cycle and budgets of greenhouse gases [144-147]. 
 
To summarise, hydrogen has been safely used for many years around the world and 
although there have been some very tragic accidents caused by improper hydrogen use, the 
dangers and phenomena are now very well-understood and gradually will be well recognised 
by the public. With appropriate safety measures, hydrogen can be handled safely. The 
continued safe usage of hydrogen will change public attitude and perception to the 
Hydrogen Economy as a whole thereby convincing the mass market to accept hydrogen as a 
possible fuel for vehicular applications in the nearest future. 
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3.5 Conclusions 
Hydrogen provides the potential to develop a more sustainable transport system. The use of 
hydrogen as long-term replacement for hydrocarbon fuel for transportation is technically 
feasible, including both H2ICEs and HFCVs. H2ICEs are more efficient than conventional 
petrol-fuelled engines while generating much less toxic and GHG emissions. However the 
improvement is not sufficient to offset the limitation of hydrogen storage systems, it is yet a 
bridging technology at current stage. As the H2ICEs normally allow bi-fuel operations - the 
engine can run on both petrol and hydrogen. This makes the start-up of a hydrogen 
infrastructure much easier and the experience gained from it can be directly translated to 
fuel cell vehicles in the future. Fuel cells operate with much higher efficiency than IC engines, 
especially at partial loads, however they are limited by high cost and poor durability. 
 
Finally, it should be emphasised that although hydrogen used in fuel cells seems to provide a 
promising option for a sustainable transport system, it still has to overcome many barriers. 
This is similar to other alternative technologies, such as Battery Electric Vehicles. 
  
4. Chapter Four 
Hydrogen and Fuel Cell Hybrid 
Scooter with Plug-In Feature - An 
Early Project7 
  
                                                     
7
Chapter 4 is based on the published paper “Hydrogen fuel cell hybrid scooter (HFCHS) with plug-in features on 
Birmingham campus” in International Journal of Hydrogen Energy. 
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4.1 Introduction 
Petrol and diesel powered scooters are popular means of transport in many countries such 
as in Southern Europe, Asia and South America. This is mainly due to limited space and high 
population density in large cities [148]. Combined with this is affordability, in an area of the 
world where the average GDP per person per country is 10% or less of European countries, 
scooters are a more affordable options than automobiles [149]. For example, there are also 
issues with the infrastructure in urban Asian cities; the typical city layout does not support 
an extensive transport support network, as well as a lack of parking space. Scooters are 
therefore more popular as they can manoeuvre around traffic more easily than larger 
vehicles, especially if there is congestion. However, scooters are different from cars as they 
are normally not equipped with advanced engine management and catalytic converter 
systems to reduce harmful emissions. It has been shown by Sripakagorn and 
Limwuthigraijirat [150] that conventional petrol motorcycles emit 95% more pollution than 
larger sport utility vehicles due to the lack of emission control technologies not available on 
motorcycles. 
 
A commercially available ‘pure’ lead-acid battery electric scooter (GOPED) [151] was 
converted to a hydrogen fuel cell hybrid scooter (HFCHS) in order to investigate the effect of 
hybridisation on driving duty cycles, range, performance, recharging times, well-to-wheel 
CO2 footprint and overall running costs. 
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4.2 Experimental Methods 
The electric scooter used for these experiments was a modified 2008 Go-Ped ESR750H [151]. 
The original scooter had four batteries powering a 24V brushed DC electric motor with 
“Electro Head” finned heat sink capable of producing over 1HP in continuous operation and 
reaching a top speed of 20 mph. The manufacturer claims that the maximum riding range is 
8 miles in ideal conditions (flat ground, no stops). The modification of the scooter - HFCHS 
was designed for riding in the University of Birmingham campus with a speed limit to 20 mph 
and a variety of up hills and down hills. In order to choose the appropriate fuel cell stack, the 
average cruising power needs to be calculated (assuming a cruising speed of 15 mph). 
 
4.2.1 Theory 
There are two forces opposing the motion of a vehicle, namely: the rolling friction force and 
the air resistance force. A typical µr (rolling resistance coefficient) value for a properly 
inflated scooter on hard pavement is 0.015. The scooter with auxiliary has a mass of 57 kg 
plus rider 80 kg and a weight of (57 kg + 80 kg) (9.81 m/s2) = 1343.97 N, and so the resisting 
force of rolling friction on a level road (where the normal force n = mg) is: 
𝐹𝑟𝑜𝑙𝑙 = 𝜇𝑟𝑛 =  0.015  1343.97𝑁 = 20.16𝑁  (1) 
 
where this force is nearly independent of the car speed. 
The air resistance force,     , is approximately proportional to the square of the speed as 
shown in Equation (2): 
     
 
 
        (2) 
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where C is the drag coefficient which depends on the shape of the moving body, A is the 
silhouette area of the vehicle (seen from the front), ρ is the air density (ca. 1.2 kg/m3 at sea 
level and STP) and v is the scooter speed. Values of C for a typical scooter range from 0.60 to 
1.3 [152]; in our conditions, the Go-Ped is not aerodynamic due to its design hence assume  
C = 1.3 and A = 0.6 C. The maximum speed of this scooter is 20 mph (8.94 m/s) with an air-
resistance force of 37.41 N as shown in Equation (3): 
     
 
 
      
 
 
             
     
  
  
     
 
            (3) 
Here, the inertia of the vehicle is negligible, therefore in an ideal condition, the total force 
required to power the scooter is shown in Equation (4): 
                                
     
 
                      (4) 
The total power train efficiency is 80% (including motor and drive chain), the maximum 
power required is therefore 650W, slightly less than the motor rated power. Hence based on 
our calculations, a 500W PEMFC stack is sensible for our HFCHS in normal ride condition, 
where full power 650W not always required. 
 
4.2.2 Components 
PEMFC Stack - A 500W air cooled PEMFC (Horizon Fuel Cells) [153] of a maximum efficiency 
of 40% at 21 VDC with a maximum current output of 24A was used (Figure 4.1). This stack 
consists of 36 cells with a rated hydrogen consumption of 6.5 L/min. It has an external 12V 
battery power source to supply the hydrogen inlet valve, hydrogen purging valve and cooling 
fans. 
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Figure 4.1 Horizon Fuel Cell 500W PEMFC stack characteristics showing cell voltage and power vs. current. 
 
Hydrogen Storage - Two Highland metal hydride cylinders [154] were used to store 600NL 
pure hydrogen with a discharge pressure of 0.3 bar and a flow rate of 2-3 NL/min at 20oC. 
The metal hydride storages could take up to 54 grams of hydrogen which contained 1.8kWh 
energy. The metal hydride storages were connected to the PEMFC stack via a pressure 
regulating valve to control the pressure output. The cylinders were attached on the top of 
the motor in order to use the motor heat to boost the hydrogen release, as well as to cool 
down the motor temperature. 
 
Battery - Four 12VDC lead-acid rechargeable batteries were fitted under the board. Two 
batteries were connected in series and then paralleled with two others. These batteries had 
a total power of 576Wh, capable of discharging a maximum current of 360A in 5s. The 
battery discharge characteristics at room temperature are shown in the Figure 4.2. The 
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batteries also continuously supplied 15W power to the PEMFC stack controller through a 
24V-12V DC-DC converter. 
 
 
Figure 4.2 12V lead-acid discharge characteristics showing voltage vs., discharge at various amperages and at 
25
o
C [155] 
 
Motor - The 24V DC brush type motor with aluminium heat sink of 80% efficiency was 
capable of producing 1,000W of power in continuous operation and up to 3,000W in short 
period of times.  
4.2.3 Data collection 
In order to determine the range and performance of the HFCHS under different driving 
conditions, data logging was performed. The speed, power and range of the HFCHS were 
logged for each experiment. The current was monitored using a current clamp adaptor 
(TECPEL CA1000D) connected to a data logger (Grant Squirrel 2010) under driving. The 
power output from the PEMFC stack was also logged.  
Chapter 4. Hydrogen and Fuel Cell Hybrid Scooter with Plug-In Feature- An Early Project  67 
 
 
 
Figure 4.3 Component diagram of the HFCHS showing all components. 
 
A GPS logging system (Racedrive 2090) was also installed on board the HFCHS to monitor 
speed and distance ran. The GPS results combined with the power data allowed clear 
indication on how the power train performed. Figure 4.3 and 4.4 shows the system 
integration and components. 
                                        
Figure 4.4 Photo of the HFCHS. 
Chapter 4. Hydrogen and Fuel Cell Hybrid Scooter with Plug-In Feature- An Early Project  68 
 
 
4.2.4 Modelling 
In order to validate functionality of the concept, a mathematic model has been built to 
preview the performance of this hybridization using the following parameters, as shown in 
Table 4.1. 
PARAMETERS 
m = 57 vehicle mass (kg) 
mG = 137 mass incl. driver (kg) 
PTot = 0.8 total power available (kW) 
η = 88% vehicle transmission efficiency 
PWheels = 0.704 power delivered to the wheels (kW) 
CD = 1.3 coefficient of drag 
Af = 0.9 frontal area (m²) 
CdA = 1.17 (m²) 
h = 0.2 height of the centre of gravity (m) 
L = 1.2 wheelbase length (m) 
WDf = 20% weight distribution (front) 
f₀ = 0.015 rolling resistance coefficient 
f₁ = 6.25E-05 rolling resistance coefficient 
ρ = 1.2 air density (kg/m³) 
g = 9.80665 gravity (m/s²) 
     
Table 4.1 Parameters used to build modelling 
The mathematical results show on Figure 4.5 clearly shows the performance is excellent, 
presenting an acceleration rate which of 2.26 second to 10mph and 27.13 second to top 
speed 20mph. 
 
Figure 4.5 Mathematical Performance of modelling. 
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4.3 Results and Discussion 
4.3.1 Hybrid with Low State of Charge (SoC) 
Figure 4.6 shows the performance of the HFCHS when driving at low battery level (SoC = 
20 %). The green plot shows the speed of the HFCHS with time where an average speed of 8-
10 mph is achieved. The motor current was between 20A-30A (blue plot) giving a motor 
power demand of 480W-720W. The pink plot represents the current output from the PEMFC 
stack, starting from 12A and gradually increasing up to 18A, giving a power output of 250W-
380W. The figure also shows that the power demand from the motor is higher than the 
power output from the PEMFC stack, and the extra power required comes from the batteries. 
For this experiment, the run lasted for 42 mins before the PEMFC stack cut off due to the 
lack of hydrogen in the cylinders.  
 
Figure 4.6 Performance of HFCHS when the batteries are low [SoC = 20%]. 
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4.3.2 Hybrid with High SoC 
Figure 4.7 shows the performance of the HFCHS when driving at full battery level (SoC = 
100 %). Here, the batteries were fully charged in 5 hours. In our conditions, the average 
speed was approximately 8 mph with again, a motor power demand of 480W-720W. Unlike 
the previous tests at low battery level (20% SoC), the PEMFC stack power output varied 
between 200W-320W, in other words less power was required from the stack at full battery 
SoC. This test lasted longer i.e. 1 hour 7 minutes. Obviously, during these experiments, the 
PEMFC stack functioned below its rated maximum power, possibly due to the following 
reasons: a) the metal-hydride canisters cannot supply enough hydrogen to the stack, b) the 
power demand is low or c) lack of power management system. This is further explained 
below. 
 
Figure 4.7 Performance of HFCHS when the batteries are fully charged [SoC = 100%] 
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4.3.3 Hydrogen Supply  
The metal-hydride canisters were ‘charged up’ directly from high purity hydrogen (99.999%) 
at a pressure of 10 bar. It took 20 mins for full charge at room temperature but only 12 mins 
at 0 oC (ice-water bath) at 25 bar. The PEMFC stack consumes 6.5 litre hydrogen per minute 
to reach a maximum power of 500W, however, in this testing conditions; the metal hydride 
canisters only supplied 2-3L/min of hydrogen at room temperature. Although the metal-
hydride canisters were placed onto the ‘hot’ motor to gain some heat, this design didn’t 
seem to work to achieve a minimum flow rate of 6.5L/min to the stack; for example, the 
metal-hydride canisters surface temperature dropped from 30oC to 0oC in 20 minutes, and at 
this point, the flow rate dropped even further. 
4.3.4 Power Management 
As seen from Figure 4.6 and Figure 4.7, the PEMFC stack always functioned below its 
optimum power due to the lack of advanced power management systems. For example, the 
motor withdraw power from the highest voltage power source first, in this case the lead-acid 
batteries are at 22 V (Figure 4.2), compared with 18 V for the PEMFC stack. In our conditions, 
by using a DC-DC converter, the load is higher than the fuel cell rated power and the 
batteries work in order to provide the power needed to satisfy the load.   
 
Go-Ped FC Plug-in Go-Ped Plug-in Go-Ped (29 cc) 
Vehicle Cost £3,000 £1200 £800 
mpg Equivalent 500mpg (H2) 383mpg 100mpg 
Energy Efficiency 37%-75% 75% 20% 
Tail-Pipe Emission None/H2O None Harmful Air Pollutions 
Well-to-Wheel CO2 9.37-40.95 g CO2/km 42.4 g CO2/km 90-120 g CO2/km 
Running Cost on Fuel £0.01-£0.11/Mile £0.01/Mile £0.06/Mile 
Refuelling Time 15 Minutes - 5 Hours 5 Hours 1 Minute 
Range 15 miles 8 miles 32 miles 
Top Speed 25.8 mph 20 mph 24 mph 
Noise Level 55 db 55 db 75 db 
Table 4.2 Summary of fuel cell hybrid, battery and petrol powered scooters characteristics. 
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Even with the lack of power management systems, the range of the HFCHS was 15 miles 
after 70 mins riding at a top speed of 25.8km/h. For comparison purposes, experiments on 
‘pure’ battery and petrol scooters were performed as shown in Table 4.2. The table shows 
that HFCHS offers many advantages over electric and petrol scooters, for example, higher 
energy efficiency (up to 75%), lower running costs, higher speed and better MPG equivalent. 
For example, using two 600NL (0.054 kg) hydrogen metal hydride canisters give an energy of 
1.8kWh and a 40% efficient PEMFC stack gives at total energy of 0.72kWh which is higher 
than battery only powered and lower than petrol powered scooters of 0.42kWh and 
1.71kWh respectively. However, the estimated cost of the HFCHS is much higher than that of 
the pure electric and petrol scooters. For example, the donor vehicle Go-Ped cost around 
£1,200 (inc. seat and basket kit), the 500W PEMFC stack costs ca. £1,200, the Highland metal 
hydrides cost approximately £500, and other components like DC-DC converters, and 
switches cost approximately £50. The total cost of this HFCHS is ca. £3,000 compared with 
only £800 for the pure electric Go-Ped. Furthermore, well-to-wheel CO2 footprint values 
showed that the HFCHS gives a total of 9.37 g CO2/km to 40.95 g CO2/km depending on 
where the hydrogen comes from (Table 4.3). 
H2 Source [g CO2/kg H2] 
Total CO2 produced 
[g] 
Total Carbon Emission 
[g CO2/km] 
Steam Methane 
Reforming (SMR) 
11374.90 614.24 40.95 
Solar 3804.00 205.42 13.69 
Wind 2604.00 140.62 9.37 
Hydro 3324.00 179.50 11.97 
Biomass 4284.00 231.34 15.42 
Table 4.3 Well-to-wheel carbon Footprint from different energy sources. 
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4.4 Conclusions 
To conclude, the range of the scooter has been extended and the top speed has been 
increased by adding the fuel cell and hydrogen store. There are several advantages over the 
traditional scooter in terms of mpg equivalent, energy efficiency, tail-pipe emission also the 
well to wheel CO2 footprint, and lower running cost compare to petrol Go-Ped. 
 
These findings give a more clear idea about the fuel cell and battery hybridisation and can 
give an insight into FCHV. The technology and experience gained from this project also 
transferred to local SMEs (Valeswood Fuel Cell Ltd and Spencer Ashley Ltd), who built a 
similar HFCHS for a Royal Institute Lecture, as seen in Figure 4.8. 
 
 
Figure 4.8 Scooter built for Royal Institute Lecture 
 
  
5. Chapter Five 
Novel Hydrogen PEM Fuel Cell and 
Battery Hybrids without DC-DC 
Converters8 
  
                                                     
8
 Chapter 5 is on the basis of the published paper “Hybrid Hydrogen PEM Fuel Cell and Batteries without DC-DC 
Converter” in International Journal of Low-Carbon Technologies. 
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5.1 Introduction 
The Hydrogen Fuel Cell Electric Vehicle (HFCEV) is generally recognised as one of the 
optimum technologies for long term future low carbon automobiles [10, 22, 156, 157]. This 
combines the Proton Exchange Membrane (PEM) Fuel Cell (FC) stack with a battery and 
electric drive train to optimise the starting time, operating temperature and efficiency of the 
vehicle [158]. Using PEM fuel cells to generate electricity from high purity hydrogen; the 
electricity could drive the electric motor of the vehicle or be stored in the energy storage 
device, either battery or ultra-capacitor. Since fuel cells generate electricity via chemical 
reactions, no pollutants will be produced and much less heat is generated compared to an 
internal combustion engine. The by-product of a hydrogen fuel cell is only water vapour for 
PEMFC [159]. Fuel cells have few moving parts and are fabricated by stacking repeatable 
components together; hence they have the potential for high reliability and low 
manufacturing cost. 
 
PEM fuel cells are best operated at a constant load in order to achieve peak efficiency and 
maximum lifespan [160], whereas the power required for the automobile varies substantially, 
because of the variety of accelerations and decelerations under real-life driving conditions. 
However, a battery can accommodate these dynamic power changes better, while also 
capturing the braking energy using electromagnetic deceleration [161]. Hence the HFCEV not 
only solves the problem, but also offers additional benefits: 
 Smaller fuel cells stack therefore lower cost. 
 Fuel cells stack can operate at optimum efficiency most of the time. 
 Fuel cells stack lifetime is extended. 
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 The fuel cells stack designer is able to optimise the cells for power efficiency instead 
of cycle life. 
 Deep discharging from the battery is eliminated, therefore improving the batteries’ 
lifetime. 
 Fast start-up of the fuel cell stack. 
 Improves power train efficiency through capture of regeneration energy. 
 
In general, there is a difference between the FC stack voltage and battery voltage, and a DC-
DC converter is required in this hybrid system. According to a study of the Micro-Cab HFCEV, 
nearly 20% of energy generated by the FC was lost through this DC-DC converter [162], 
mainly because the DC-DC converter obtained its peak efficiency at full load, which is rarely 
achieved in real driving cycles, especially under urban drive cycles which involved many 
stops. To minimise this power loss in the DC-DC converter, the present project aimed to 
match the fuel cell, the battery pack and the electric motors, in a 48V system. 
5.2 Experimental Methods 
The experiments comprised a bench tests to examine the PEMFC hybrid with both Lead-Acid 
(PbA) batteries and Li-Ion phosphate (LPB) batteries with a Battery Managing System (BMS) 
under different State-of-Charge (SoC) and load conditions.  In order to investigate the fuel 
cell performance, rate of battery charging, State-of-Charge of batteries (SoC) and power 
distribution character from both batteries and fuel cells, the bench test was developed with 
three electric loads to simulate the electric motor. 
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Figure 5.1 Configuration of the FC and batteries hybrid system 
 
Equipment Specifications 
FC Stack 3 kW PEM, Self-humidified 
Load 3 x 1 kW Electric Loads 
Peak Power 
Source (PPS) 
4 x 12V 22 Ah Sealed Lead Acid batteries 
16 x 3.4V 180 Ah Li-ion Phosphate batteries with 
BMS 
15 x 3.4V 180 Ah Li-ion Phosphate batteries with 
BMS 
H2 Supply 99.999% purity H2 at 0.55 bar 
Table 5.1 Bench test components and specifications 
 
Figure 5.1 shows the bench test configuration of the hybrid system. Table 5.1 shows the 
equipment used and its specifications. The fuel cell stack and batteries were connected in 
parallel. The FC stack may not only supply power to electric loads but also charge batteries 
at the same time when needed. Also, the batteries may assist the FC stack to supply extra 
power to the electric loads when required. The power flow relies solely on the voltage 
difference. The current flow between them will be examined. 
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The testing procedures were as follows: 
1.  Charge/discharge the batteries to the required SoC. 
2.  Turn on the FC, start to withdraw current from it after it is fully started. 
3.  Increase the electric load by 50W with every 15 second interval. 
4. Record the voltage, current and temperature of electric loads, FC and batteries 
where applicable. 
5.3 Results and Discussion 
5.3.1 Hybrid with 4 x 12V Lead-Acid Batteries 
Firstly, the 3 kW Horizon PEM fuel cell [153] was connected with 4 x 12V Valve Regulated 
Lead-Acid (VRLA) batteries, connected in series to provide the nominal voltage of 48V and 
total energy capacity of 1kWh. The lead acid battery has high specific power and is capable 
of producing high power for short periods of time (e.g., during maximum acceleration in an 
automobile). In addition, its low cost, reliability and highly recyclable character make it a 
good option as Peak Power Source (PPS), despite its heavy weight [163]. 
 
Figure 5.2 shows the fuel cell stack output against the electric loads when hybridised with 
these batteries at different SoC from 20% to 100%.  It can be seen that different SoC of 
batteries share a similar trend; the FC stack output gradually increases along with the 
electric load increase, at the same time, the FC stack charged the lower SoC batteries more 
rapidly than higher SoC batteries. For instance, with the battery’s SoC at 20%, the FC stack 
charged the batteries up to 25.88A at the beginning of the experiment, then steadily 
decreased as the electric load increased, to approximately 1A at the end of the test (see 
Table 5.2). In this experiment, no current flowed from the batteries to the electric loads 
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during whole process; the FC stack not only supplied the required power to the electric loads, 
but also charged the batteries continuously. This was because the battery’s voltage was too 
low to provide any electrons to the electric loads, compared to the FC stack at the same 
point. As a result, the battery pack had been charged 164.8Wh by the fuel cell stack during 
the 15 minute experiments and the SoC increased by 16%. 
Batteries SoC 20% 50% 80% 100% 
Maximum 
Charged/Discharge rate 
+25.88 A +16.64A +3.43A +0.5A 
Minimum Charged 
/Discharge rate 
+1.02A -8.16A -6.06A -9.8A 
Charge/Discharge 
Turning Point 
N/A Load to 2100 W Load to  1800 W Load to 1350 W 
Change of Capacity +164.8 Wh +64 Wh +13.6 Wh -9.8 Wh 
Change of SoC +16% +6% +1% -1% 
Change of Voltage* 54V-48V 55V-49V 61V-50V 64V-50V 
Fuel Cell Temperature 24
 o
C -42
 o
C 22
 o
C -39
 o
C 22
 o
C -38
 o
C 21
 o
C -36
 o
C 
Table 5.2 Results from FC stack hybrid with 4 x 12V PbA batteries at 20% SoC, 50% SoC, 80% SoC and 100% SoC  
*- True voltage under load condition, not open-circuit voltage, data from electric load display. 
 
 
Figure 5.2 Fuel cell stack output against electric load when hybrid with 4 x 12V lead acid batteries 
When battery’s SoC is 100%, the FC stack provides power to the electric loads by itself until 
the load is greater than 1300W, then the battery pack starts to provide a small amount of 
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power to assist the FC stack, see Figure 5.3. This is not because the FC stack cannot supply 
the extra power, but because the battery’s voltage is now higher and able to share some of 
the load; the batteries shared 370W out of 3000W when approaching the end of this 
experiment. Consequently, the battery pack lost 9.8Wh of energy and its SoC decreased by 
1%. The FC stack output was lower in this test and therefore the temperature change was 
relatively small too. 
 
Not surprisingly, most results from 50% SoC and 80% SoC are between low 20% SoC and high 
100% SoC discussed above; they had both been charged by FC stack at the beginning while 
the electric load was small, and both assisted the FC stack when the electric load was high. 
 
Figure 5.3 Change of battery power distribution against electric load with 4 x 12V lead acid batteries 
 
5.3.2 Hybrid with 16 x 3.4V Li-ion Phosphate Batteries (LPB) 
Lithium-ion batteries are the fastest growing and most promising batteries for automobiles 
[164]. Lithium is the lightest of all metals, has the greatest electrochemical potential and 
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provides the largest energy density by weight. There are many types of lithium based 
batteries with different cathode materials, such as lithium cobalt oxide, lithium manganese 
oxide, lithium nickel oxide and lithium iron phosphate. It is believed that the lithium ion 
phosphate battery is the best option for automobile application owing to its high safety 
factor [165]. In addition, it does not include noble elements such as cobalt, hence the price 
of raw materials is lower and both phosphorus and iron are abundant on earth which lowers 
raw material availability issues. Nevertheless this battery’s cathode is heavier and its 
capacity is about 25% less than other lithium batteries per unit weight [166, 167]. However, 
for automobiles, the top priority is safety rather than capacity. The LPB cells used in this 
experiment have a nominal voltage of 3.4V per cell and 180 Ah capacities, and with 16 cells 
the LPB pack could supply more than 9 kWh of energy at 54.4V. This capacity is 6 times 
higher than that of the PbA batteries, which were capable of producing high power for 
longer periods of time. 
 
With the Battery Managing System (BMS), this LPB pack can be tested at any precise SoC: for 
comparison purpose, 5% SoC, 20% SoC, 50% SoC, 80% SoC and 100% SoC have been tested. 
At the beginning of the testing for low SoC, it was observed that the voltage potential 
between the FC stack and LPB pack is large enough to make the FC output its maximum 3 kW 
power, and charge the batteries at the rate of 62.5A. Although the LPB could take such a 
high current, heat would build up quickly due to the high current flow and the battery’s life 
may affected [168], and with such high demand from the FC stack, its temperature increased 
dramatically to 42oC at the beginning of the test; hence this circumstance should be avoided 
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if possible. While approaching the end of this low SoC test, unlike the PbA batteries, the LPB 
could assist FC stack to provide a small amount of power to electric loads.  
 
When testing the higher SoC, from 20%-80%, it can be seen from Figure 5.4 that the LPB 
have a similar charge/discharge character, with the FC stack constantly running at the range 
of 1500W to 2500W, which is within its high efficiency range. In all cases, the batteries 
provide a reasonable amount of power to electric loads when the requirement is above 2.1 
kW. After the tests, the batteries SoC increased moderately by up to 1.7%. 
 
Figure 5.4 Fuel cells stack output against electric load when hybrid with 16 x 3.4V Li-Ion batteries 
A fully charged battery was also tested; from Table 5.3 it can be observed that the FC stack 
still charges the LPB in the beginning, but at a much lower rate of 13.65A. This is because the 
FC stack has a high voltage of 64V when the electric load was small. Once the electric load 
was greater than 0.85 kW, the batteries assist the FC stack to provide power to electric loads. 
As a result, the SoC decreased 0.2% after the test. By estimation, in a real-life vehicle, the 
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power required is normally greater than 0.85 kW most of the time; hence the SoC should 
further decrease. 
Batteries SoC 5% 20% 50% 80% 100% 
Maximum Charged 
/Discharge rate 
+62.6A +36.68 A +31.97A +30.25A +13.65A 
Minimum Charged 
/Discharge rate 
-5.85A -11.28A -11.81A -13.15A -13.18A 
Charge/Discharge 
Turning Point 
Load to                  
2600 W 
Load to              
2250 W 
Load to 
2300 W 
Load to 
2150 W 
Load to             
850 W 
Change of Capacity 270 Wh +117.2 Wh +155.7 Wh +131 Wh -22.2 Wh 
Change of SoC +3% +1.3% +1.7% +1.5% -0.2% 
Change of Voltage* 46V-48V 51V-50V 53V-52V 53V-52V 64V-50V 
Fuel Cell Temperature 34
 o
C -39
 o
C 26
 o
C -39
 o
C 24
 o
C -37
 o
C 24
 o
C -37
 o
C 19
 o
C -36
 o
C 
Table 5.3 Results from FC stack hybrid with 16 x 3.4V LPB at 5% SoC, 20% SoC, 50% SoC, 80% SoC and 100% SoC  
*- True voltage under load condition, not open-circuit voltage, data from electric load display. 
5.3.3 Hybrid with 15 x 3.4V Li-ion Phosphate Batteries 
After testing the 16 x 3.4V LPB pack, one battery cell was removed and the nominal voltage 
lowered to 51V. From the previous test, it was proved that lower SoC, such as 5%, should be 
avoided due to the high current at the beginning. By removing one cell, the voltage 
difference further increased, causing higher current flow at the beginning.  The 5% SoC test 
was therefore not conducted in this experiment, as well as 100% SoC to avoid LBP over 
charging. Again from the previous test, it was shown that even when the battery pack was 
full, the FC stack still charged the LBP at the beginning, as shown in Figure 5.5. 
 
For these reasons, only 20%, 50% and 80% SoC have been tested, yet the results were not 
satisfactory. This was because for all three cases, the FC stack not only charged the batteries 
at high current at the beginning, but also over its rated output for most of the time, see 
Figure 5.5. Furthermore, the batteries were charged from start to end, and were not able to 
assist the FC stack throughout the whole process. The worst case was at 20% SoC; the FC 
stack operated over its rated power at all times, and the stack’s internal temperature 
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reached its highest point across all tests of 49 oC. This would reduce the efficiency as well as 
shorten the stack life span.  In addition, Table 5.4 shows 443.7 Wh of energy was transferred 
to the batteries in 15 minutes. In fact, 70% of that energy was transferred during the first 5 
minutes while the electric load was small; this rapid energy transfer would also reduce the 
battery life if it occurred frequently [168]. 
Batteries SoC 20% 50% 80% 
Maximum 
Charged/Discharge rate 
+60.93 A +55.82A +53.36A 
Minimum Charged 
/Discharge rate 
+9A +4.63A +1.55A 
Charge/Discharge 
Turning Point 
N/A N/A N/A 
Change of Capacity +443.7 Wh +398.2 Wh +367.5 Wh 
Change of SoC +5.3% +4.8% +4.4% 
Change of Voltage* 50V-49V 51V-49V 51V-50V 
Fuel Cell Temperature 29
 o
C -49
 o
C 20 
o
C -46
 o
C 20 
o
C -45
 o
C 
Table 5.4 Results from FC stack hybrid with 15 x 3.4V LPB at 20% SoC, 50% SoC and 80% SoC  
*- True voltage under load condition, not open-circuit voltage, data from electric load display. 
 
Figure 5.5 Fuel cell stack output against electric load when hybrid with 15x 3.4V Li-Ion batteries 
From the test results of hybrid FC with PbA batteries and different LPBs, it is clear that the 
absence of a DC-DC converter in this hybridisation is not a problem.  However, the type, 
voltage and capacity of the batteries have to be carefully selected for a defined FC stack. As 
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most commercial PbA batteries are either 12V or 24V, the flexibility is narrower than for 
LPBs with 3.4V. For example, developing a PbA battery with nominal voltage of 54.4V (with 
around 26 individual cells), the curve shown in Figure 5.2 would be more constant like that 
of the LPBs.  In other words, the voltage of the batteries and their ability to keep on this 
voltage would directly determine the FC stack output. 
 
Comparing the FC stack output when hybridised with 15 LPBs and 16 LPBs at 20% SoC, 50% 
SoC and 80% SoC (Figures 5.4 and 5.5), it can be seen that the curves give a similar trend but 
in a different range. These LPBs have a stable performance from 20% SoC to 80% SoC when 
hybridised with this 3 kW PEMFC stack. In terms of the FC efficiency and lifespan, the 16-cell 
pack is superior to the 15-cell pack, because with 16 cells, the FC output power is maximised 
at 2.5 kW, irrespective of the SoC. 
 
It is proven that 16 x LPB pack is the best possible solution; this is shown by Figure 5.4 and 
Table 5.3. Except in the low SoC condition below 20%, the FC stack and batteries work 
perfectly at all others times. It can be speculated that the battery’s SoC may hardly ever be 
lower than 20% in real life conditions. Because in the low battery SoC situation, the FC stack 
would provide most of the power before the batteries when the power need is greater than 
2.6 kW, while when the power need is low, the FC would replenish the battery at a slower 
rate than the bench test. Of course, it would be recommended that the batteries are always 
kept at a higher SoC, controlled by BMS. 
 
Chapter 5. Novel Hydrogen PEM Fuel Cell and Battery Hybrids without DC-DC Converters  87 
 
 
To summarise, this 3 kW fuel cell stack is likely to achieve the best efficiency and a longer life 
span if hybridised with 16 x Li-ion phosphate batteries. 
5.4 Limitations 
 The PbA battery SoCs were estimated by measuring the cell voltage after the 
batteries had cooled down, therefore error range is ±5 V or 10%. 
 Battery SoCs were changing continuously during the experiment, because the 
batteries either had been charged by the fuel cell, or discharged to the electric load. 
 The experiment only demonstrated that the fuel cell and batteries could hybridise 
without a DC-DC converter to reduce energy losses. The power needed in a real 
vehicle is more complex than this simulation; hence the behaviour of the fuel cell and 
batteries maybe different. 
 The effects on the life cycle in both the batteries and the fuel cell were not 
investigated. 
 This study is limited to a DC power train only, a DC-AC converter will be needed for 
an AC drive. 
 The number of batteries can affect the performance and thus the durability of the 
components. Further investigation is needed into the component-level design. This 
system will be trialled on a hydrogen fuel cell hybrid vehicle. 
 
5.5 Conclusions 
Improving the energy flow efficiency of HFCEV is crucial, especially whilst all the elements 
such as hydrogen, the fuel cell stacks and batteries are still very expensive, compared to 
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conventional vehicles. The efficiency of electrical flows within the system is paramount in 
electric power train design; eliminating components such as the DC-DC converter not only 
reduces the cost, but also improve the overall efficiency by simplifying the power train. In 
addition, fewer components mean less can go wrong in term of reliability. However, absence 
of this voltage controlling device not only requires matching the voltages of the fuel cell 
stack, batteries and electric motors, but also requires the components to work effectively 
with each other. For example, the batteries need to have a matching nominal voltage, as 
well as an appropriate charge/discharge curve for the fuel cell discharge curve; then this 
matching system will work as a whole to supply the power to the motor effectively. 
 
In this study, all the components were commercially available and carefully selected to suit 
this experiment. There is still room for improvement in terms of suitability, because the 
components could have been designed specifically for automobile use. Optimising the 
compatibility of fuel cell, battery and motor components could further improve the power 
train efficiency. To conclude, this simplified approach to a HFCEV without DC-DC converter is 
workable, and could lead to further improvements in the future. 
  
6. Chapter Six 
Study of Micro-Cab H4 Fuel Cell 
Hybrid Vehicles 
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6.1 Introduction 
The purpose of this Chapter is to describe theory and experiments methodology on the early 
prototype Micro-cab H4 designed and manufactured by Micro-Cab at Coventry University. 
This was an innovative design due to its light weight and economic components, but the 
overall range was poor because of low efficient conversion in the system and lack of 
regenerative braking. 
6.1.1 History of Micro-cab 
Starting from a student design project, the founder of Micro-cab Prof. John Jostins has been 
working on the hybrid urban vehicle designing since 1998. From the early pedal/electric 
hybrid 3-wheeler model, to the most recent H2EV hydrogen fuel cell hybrid model, all models 
have no tail-pipe carbon emission and are potentially to be fossil oil independent; Figure 6.1 
shows the timeline of Micro-cab development, ending with the 2012 version which is part of 
the EU SWARM project (HFC UJ 302485). 
 
Figure 6.1 Development timeline of Micro-cab (courtesy Micro-cab) 
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6.1.2 UK Automotive - Chance to Re-bounce 
The UK has a long history of automotive manufacturing; in the 1950s, UK was the second 
largest automotive manufacturing worldwide and was the largest vehicle exporting nation. 
The sales dropped to 12th place by 2008 because of the competition from nations such as 
Germany, France and Japan. Given the future emerging ‘automotive revolution’ as 
introduced in Chapter 1, the UK needs to take positive steps to take advantage of the IC 
engines to fuel cell changeover, as the conventional IC engines automotive manufacturers 
are likely to be constrained while the new automotive industry is trending to low carbon 
vehicle technology orientation, such as the higher involvement of hydrogen fuel cell vehicles 
(HFCVs) [169]. 
 
For the 15 years, Japanese and American auto manufacturers have been leading the 
development of HFCVs, while the UK was lacking of either major OEMs committed to or 
extensive hydrogen HFCV R&D projects. But now a consortium of Micro-cab Industries, Delta 
Motorsport9 and RDM Automotive10 has designed and built five fuel cell vehicles in the West 
Midlands, named Micocab-H4. This model is the first fuel cell vehicle in the UK, and is 
positively a significant step towards developing next-generation OEM and supply chain 
capabilities within the UK. 
 
                                                     
9
 Based in Silverstone – specialist engineers developing ‘green’ chassis and drive train for eco industry, as well 
as traditional motorsport activity 
10
 Tier 1 automotive supply chain company supplying to Jaguar Land Rover, Aston Martin etc. with specialism in 
electronic and telematic vehicle systems 
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Five Micro-cab H4 cars were produced as experimental and demonstration vehicles that 
were to be used on the campus of University of Birmingham, as shown in Figure 6.2. They 
were delivered to the university in April 2008, at the same time as the UK’s first hydrogen 
fuelling station had been installed on campus by Air Products to provide compressed 
hydrogen at 350 bar. These projects were part of the Hydrogen Energy Project which has 
received funding of GBP 6.3 million from regional development agency Advantage West 
Midlands (AWM) regarding the usage of hydrogen energy as a green fuel, and were also part 
of the overall Birmingham Science City initiative. 
 
 
Figure 6.2 Five H4 series Micro-Cab HFCVs in Campus University of Birmingham 
 
6.2 Micro-cab H4  
6.2.1 Construction 
Improved from previous lightweight concepts models shown in Figure 6.1, the platform of 
the Micro-cab H4 series was specially designed for hydrogen fuel cell and battery hybrid 
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drive train; and was the first 4-wheel model in its production line. From the ‘engineering 
design’ point of view, there is better flexibility for electric drive train design than IC engines 
drive train in the vehicle configuration. This is because the electric energy flow is more 
flexible than mechanical energy flow, the arrangement of components can be kept in 
minimum volume, and hence more useful space can be achieved compared to similar size 
conventional vehicles, even though the measurement of H4 series is only 3000 L x 1500 W x 
1850 H mm (length, width, height). With the compact electric drive train under the rear 
seats, the Micro-cab could comfortably carry 4 adult passengers. 
 
The H4 series were initially planned to weigh up to 500kg with lightweight space frame 
chassis (engineered by Delta Motorsports) and Glass Reinforced Plastic (GRP) body panels. 
The space frame chassis offers great rigidity and safety, with light weight benefit. Light GRP 
body panels are ideal for prototype vehicles in small quantities. However, the finished 
vehicle weighed 667kg as a consequence of the limited budget which restrained the use of 
lighter components (such as the standard Ford seat with bracket weighs up to 50kg each was 
chosen, and steel wheels were used as substitution of lighter alloy wheels). In addition, the 
prohibitive costs of carbon fibre, engineering and tooling have induced major compromise 
on weights. Furthermore, the effort required for electrical integration of the fuel cell and 
other vehicle systems was underestimated and a wide range of electrical system revisions 
has taken place, such as adding additional batteries, power converters, and chassis materials 
to protect the hydrogen tank and fuel cell. Although the vehicle weight was one-third over 
the designed target, it was still only half of the weight of today’s conventional vehicles with 
similar carrying capacity [170]. 
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Figure 6.3 illustrates the frame of the vehicle with major components; the lower chassis 
contains a sandwich structure on the floor to hold the batteries and other electronic device, 
a steel frame underneath the rear seats is to accommodate the fuel cell stack, hydrogen tank 
and electric motor. The front space of the vehicle was left empty to enhance crash 
protection; however it also offers potential for future upgrade, such as to install additional 
batteries, a secondary fuel cell or hydrogen tank. 
 
Figure 6.3 Design of frame showing the layout of the fuel cell, hydrogen tank and motor (courtesy Micro-cab) 
 
6.2.2 Design Configuration and Operating Strategies 
The H4 series employed hydrogen fuel cell and batteries in series-parallel hybrid 
configuration, as shown in Figure 6.4. The fuel cell connected in parallel with both traction 
batteries and motor controller, so it could provide power to both components at the same 
time, and also could provide solely to each individual component, purely determined by the 
voltage of motor and batteries. For example, when the vehicle was at a standstill, the fuel 
cell replenished the batteries up to full SoC; but when the vehicle was accelerating, both fuel 
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cell and batteries supplied power to the motor. This power train has a strong degree of 
hybridisation because the fuel cell was only able to meet the average campus driving 
demand, which includes many stops and starts. At each stop the fuel cell had enough time to 
replenish the batteries. With a 1.2kW nominal output of the fuel cell, continuous driving 
over 15km/h was impossible; however, with the power from the batteries, the Micro-cab 
could achieve 45km/h top speed in practice for a short period, with an accelerating time of 6 
seconds from stand status to 30km/h. 
 
In order to maintain the SoC of the traction battery, a straightforward timer based 
controlling strategy was applied – the fuel cell started with the vehicle ignition to provide 
instant power; but the fuel cell was kept running for 7 minutes after the ignition was turned 
off to allow the fuel cell to replenish the battery pack up to 140Wh energy (timer based on 
the fuel cell output and battery capacity), in order to keep the same SoC of batteries packs 
after the typical drive cycles experienced on campus [171]. 
 
In this vehicle, high pressure hydrogen stored in a Dynecell tank at 350 bar was firstly 
pressure-reduced to feed the Ballard NEXA fuel cell through a 10 bar hydrogen gas regulator. 
The fuel cell then converted the hydrogen to electricity via the electrochemical process, 
producing 26 Volts at rated full power. In order to charge the 48V batteries packs and 
provide power to the 48V motor controller, the voltage was stepped up to between 48V and 
58V via a DC-DC converter. The fuel cell itself needs a 24V power supply for its starting 
system, whereas other auxiliaries used a standard lead-acid 12V battery. Therefore a 12-24V 
step-up DC-DC converter was used. However, in order to keep enough SoC of this auxiliary 
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12V battery, an additional step-down DC-DC converter was used to take unregulated power 
direct from the fuel cell (26-43V). Figure 6.4 shows the three DC converters, all of which 
were dissipating heat, at an estimated 80% efficiency. 
 
 
Figure 6.4 Schematic of H4 Configuration 
 
6.3 Main Components 
6.3.1 Fuel cell  
The fuel cell stack in a HFCV is similar to the role of an IC engine in a conventional vehicle. In 
this Micro-cab H4 series, the 1.2kW Ballard Nexa™ PEM fuel cell was used, the world’s first 
volume produced proton exchange membrane (PEM) fuel cell, introduced in 2001. It was 
designed for integration into a wide variety of stationary and portable power generation 
applications. It was not recommended by manufacturers for automobile application, due to 
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the rated operating and life cycle being far away from standard automotive requirement 
(5000 hours). However, it is well suited for small size prototype demonstration vehicles, as it 
was compact and relatively low cost, and provided the durability required by the demanding 
operating environment. Also during the vehicle construction, it was the only affordable 
PEMFC that could be purchased off the shelf. 
 
These PEM fuel cell stacks produce unregulated DC power from hydrogen and air. Water and 
heat are the only by-products of the reaction. In order to operate the fuel cell, it must be 
provided a 24V power supply to support start-up and shut down process.  Table 6.1 lists the 
specification of the fuel cell. 
Rated Power at standard condition 1200W at 26V 
Operating voltage range 22-50V 
Rated current 46A 
Dimensions 56 x 25 x 33 cm (L x W x H) 
Number of cells 47 
Area of cells 121CM
2
 
Total system mass 13kg 
Operating  and Cycle Life 1500 hours or 500 Cycles 
Hydrogen purity 99.99% 
Fuel pressure 0.7 to 17 bar (10 to 250 PSIG) 
Prrice £3000 
Table 6.1 Specifications of Ballard Nexa™ 1.2kW PEMFC stack 
 
The fuel cell achieves its maximum efficiency at partial load. Figure 6.5 illustrates the NEXA 
fuel cell efficiency against its output, and it can be seen that it operated up to 50% net 
efficiency at 300W output, but decreased to 39% while operating at full power 1200W. An 
appropriate controlling strategy will be needed to be applied in order to achieve higher 
system efficiency. 
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Figure 6.5 Ballard Nexa™ fuel cell efficiency curve[172] 
 
6.3.2 Hydrogen Supply Storage and Refuelling 
 Hydrogen source - In order to achieve sustainability and CO2 reduction of those 
hydrogen fuel cell vehicles, hydrogen from renewable sources has been used; the 
hydrogen used in University of Birmingham was purchased from Green Gases Ltd. 
The hydrogen is produced by ‘green’ means – it is manufactured from renewable 
energy, resulting in a considerable reduction in greenhouse gas emissions when 
compared with conventional production of hydrogen via SMR. The hydrogen used 
has a very high purity of 99.999%, more pure than required by this low temperature 
PEM fuel cell stack which is 99.99%. 
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 Hydrogen storage - Hydrogen is stored on board in a Class III DyneCell tank (Model 
L026) from Dynetek Industries, it was an aluminium cored, fibre reinforced high-
pressure hydrogen storage tank, specification listed as following: 
- Stored 0.61 kg of hydrogen at 15oC and 35MPa (350 bar), giving a total of 73.2MJ 
(20.33kWh) of chemical energy storage (LHV). When combined with a 
conservative estimate for the NEXA fuel cell efficiency (39%), this storage was 
equivalent to at least 265kg of lead acid batteries which were used in this vehicle. 
- The tank has an internal storage space of 25 litres; however, it stored 6676L of 
hydrogen in standard atmosphere. 
- The tank has a 15kg system weight [173]. 
- Maximum fast fill pressure: 6344 psi / 438 bar. 
- 4.1wt % hydrogen storage (not including pipework). 
 
 Hydrogen refuelling -The Air Products Series 100 fuelling station has been installed at 
the University’s School of Chemical Engineering on 17th April 2008 [174], this was 
England’s first hydrogen gas fuelling station, the station satisfied the fuelling needs of 
the Micro-cab H4 series hydrogen fuel cell vehicles. This fuelling station comprise of 
an integrated compression, hydrogen storage and dispensing system. It is capable of 
fuelling six vehicles per day up to 350 bar11. It was equipped with standard WEH TK16 
nozzle, see Figure 6.6, which could fuel other FCVs from OEMs and H2ICE as well, for 
example, Nissan X-trail FCV and Honda FCX Clarity both refuelled from this hydrogen 
station. 
                                                     
11
 Calculation based on 0.6kg on board hydrogen storage. It can also re-fuel 700 bar fuel tank up to 350 bar. 
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Figure 6.6 Hydrogen fuelling station in University of Birmingham with nozzle zoomed in 
 
6.3.3 Batteries 
Eight Odyssey PC680 heavy duty Valve Regulated Lead Acid (VRLA) batteries (12V) have been 
used for traction, Table 6.2 shows the specifications of this type of battery; they have been 
positioned inside of the sandwich part of the chassis as shown in Figure 6.3, four batteries 
were connected in series to supply the required voltage, and two strings of them were 
connected in parallel to provide higher power capacity, as illustrated in Figure 6.7. This 
arrangement also gave a low centre of gravity for the vehicle and good weight balance. The 
battery pack provided a 48V battery power supply, which was capable to provide up to 
12kW for peak power when the vehicle is undergoing extensive load, such as climbing steep 
hill with passengers. An additional 12V battery with same specification was installed to 
provide power for the in-car electronics such as: 
 Data logging system, dashboards, lights, electric windows, screen wipers, etc. 
 Start-up power for the fuel cell. 
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Figure 6.7 Traction and auxiliary batteries located under the vehicle floor 
 
Odyssey PC680 Specifications 
Power Figures Pulse Hot  Cranking Ampere (PHCA): 680 amps for 5 seconds 
Hot  Cranking Ampere (HCA) at 0 
o
C: 370 amps 
Cold Cranking Ampere (CCA) at 26.6 
o
C: 220 amps 
Capacity (20 hour): 17 Ah at 12V 
Life Cycle Design life 8-12 Years 
Cycles 80% D.O.D. 500 Cycles 
Cycles 100% D.O.D. 400 Cycles 
Dimensions 185 L x 79 W x 187 H mm 
Weight  6.525 kg including fixtures (measured) 
Cost Around £100 each [175] 
Table 6.2 Traction and auxiliary batteries specifications 
 
The weight of all 9 batteries was in total about 60kg, which stored around 1.5kWh energy at 
standard constant discharge rate. The useful energy will be less in the real-life use due to the 
Peukert’s Effect12 of batteries. 
6.3.4 Motor 
The Micro-cab H4 Series are driven by a General Electric (GE) Separately Excited DC electric 
motor on the rear wheels, as specified in Table 6.3, it rated at 3hp (2.24kW) nominally but 
can deliver transient power up to 12kW. The motor operated at 48V and up to 360A, and 
                                                     
12
 The capacity of a lead–acid battery will decrease if discharge rate increase. 
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was connected to the wheels with COMEX D585 differential reduction (8.47:1 ratio) gear, 
which provided a top speed of 45km/h at 3650RPM. This motor was controlled via its 
integrated motor controller. Total costs around £1900. 
Model 5BC49JB1108A 
Motor Speed (RPM) 3650 
Voltage (V) 48 
Current (A) 64 
Horsepower (HP) 3 
FR 49 
Max ambient temperature 
o
C 40 
Price  £1900 
Weight  25kg 
Table 6.3 Specification of motor used in H4 
 
 
6.4 Data Monitoring and Collection 
The vehicle has employed a digital interface to monitor the key parameters for its users, 
including vehicle speed, travelled distance, voltage of auxiliaries’ battery, voltage of traction 
batteries, hydrogen tank pressure, operating status of fuel cell and other common 
indications as conventional vehicles. See Figure 6.8: 
 
Figure 6.8 Driver interface on Micro-Cab H4 
Chapter 6. Study of Micro-Cab H4 Fuel Cell Hybrid Vehicles  104 
 
 
As a prototype vehicle for research and demonstration purpose, extensive data logging 
equipment has been integrated into the vehicles, from vehicle movements to the power 
flows of each component in the powertrain. RDM Automotive13 designed and installed the 
‘Green Track’ GPS fleet management system for the vehicles, which enables live tracking of 
each vehicle from a web interface, and they also built a set of tools in to analyse vehicle 
utilisation, journey distances and typical patterns of movement. Tempus Computers14 
custom designed and installed a data logging system which measures and records 113 
parameters in total, including: 
 Voltage and current throughout the electrical flow at 100Hz. 
 Individual cell voltages and temperatures of fuel cell. 
 Apart from Ballard default monitored data, extra sensors were used to measure the 
air and hydrogen flows into and out of the stack (including humidity and 
temperature). 
 Vehicle pitch, roll and fuel cell vibration. 
 Ambient temperature, humidity and hydrogen concentration within the vehicle. 
 
The data logging systems cost around £20,000 per vehicle installed and extensive data has 
been collected for analysis. The data has collected and processed by a central field-
programmable gate array (FPGA), and then sent to an SQL database via satellite modem. 
 
 
                                                     
13
 Tier 1 automotive supply chain company supplying to Jaguar Land Rover, Aston Martin etc. with specialism in 
electronic and telematic vehicle systems. 
14
 Providing technology based solutions to propose and deliver ‘off the shelf’ solutions to fully ‘bespoke 
solutions’. 
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6.5 Conclusions 
The five Micro-cab vehicles and the hydrogen dispenser provided an ideal test environment 
for the theory of hybrid HFC vehicles presented in this thesis. The next chapter goes on to 
report the test results and compare them to the computer model. Later these results will be 
used to improve the drive-train components to give improved performance and energy 
economy.
  
 
7. Chapter Seven 
Testing of Micro-cab H4 Vehicles 
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7.1 Introduction 
Having defined the components and design performance of the Micro-cab prototypes 
supplied by Professor John Jostins, it was necessary to install data loggers and to run tests on 
the vehicle efficiency, analysing the results in terms of the hybrid model theory. 
7.1.1 Test of Vehicles  
According to the government regulation of prototype hydrogen vehicles, such vehicles can 
only be used on private roads. Therefore most drives and tests were undertaken inside the 1 
km square University of Birmingham campus, where the ring road covered about 2 km with a 
speed limit of 20 mph, combining many uphill/downhill slopes and speed ramps. This raised 
an issue that the data collected was not directly comparable to other HFVC tests under 
standard drive cycle conditions.  However the data are well comparable with equivalent runs 
on the Ford Connect vans used by the University fleet, which also had duties such as: 
 Postal service within campus (partnership with Royal Mail), Figure 7.1 shows the 
typical mail delivery run. 
 Service in the waste recycling department. 
 Providing rides for university VIPs and visitors. 
 Academic test drives. 
 Short-distance leisure drives. 
Therefore, the following results were compared with controlled runs in the diesel Ford 
Connect van. Table 7.1 summarised the use of four vehicles from 08/10/2008 to 29/06/2010, 
with thousands of trips which covered 4173.9 km in 18 months, mainly with the postal van 
(H4 005) which contributed most because it was used on a daily basis and made several trips 
a day. 
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Figure 7.1 Postal service route[176] 
 
Vehicle H4 002 H4 003 H4 004 H4 005 Total 
Time From 08/10/2008 to 29/06/2010 
 
No. of trips* 163 479 653 983 2278 
Maximum day trip distance (km) 7.2 8.9 10 42.9 
 
Top speed recorded (km/h) 48 46 50 49 
 
Total distance done (km) 519 810.8 1266.4 1577.7 4173.9 
Table 7.1 Summary usage of each vehicle 
*Trips from RDM GPS data logger only, since May 2009. 
7.2 Results  
The results discussed in this section were collected in collaboration with Dr. Iain Staffell. 
7.2.1 Hydrogen Refuel and Consumption 
More than 150 hydrogen refilling were done with 100% safety record during the trial period. 
Table 7.2 shows the recorded data of amount of hydrogen refuelled and distance travelled 
for each vehicle. In total 61.7kg hydrogen were consumed to cover 3347km travel, giving an 
average fuel consumption of 18g/km, or 2.21MJ/km. 
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Vehicle 
No. of 
Refuel 
Amount of 
H2 in kg 
Distance 
Covered 
Avr. Fuel 
Economy 
Avr. Range 
H4 005 56 25.1 kg 1333 km 2.26 MJ/km 34.9 km 
H4 004 41 15.7 kg 961 km 1.96 MJ/km 38.6 km 
H4 003 36 13.2 kg 692 km 2.29 MJ/km 33.3 km 
H4 002 16 7.7 kg 361 km 2.55 MJ/km 29.5 km 
Table 7.2 hydrogen refuelling record and fuel economy of each vehicle 
7.2.1.1 Temperature Change and Expansion 
The temperature change of the hydrogen tank (outer wall) during the refill process has been 
measured via laser thermometer; the temperature behaviour of a typical refill is illustrated 
in Figure 7.2. The temperature observed increased dramatically from 23oC to 55oC in 5 
minutes while refilling, and took 90 minutes to cool down to the initial temperature. In this 
process, the hydrogen tank was filled from 7 bar to 354 bar and it was estimated that 0.6 kg 
hydrogen were transferred. The starting pressure (7 bar) was measured from the on-board 
tank itself during the pressure equilibrium process between fuelling station and hydrogen 
tank, whereas the final pressure (354 bar) was measured from canister (final stage) of 
fuelling station, which presents a more accurate result as the pressure of the fuelling station 
changes relatively small compare to the vehicle tank.  The hydrogen tank pressure decreased 
to about 300 bar (estimated15) after cooling down; therefore the hydrogen content weighed 
slightly less than the initially calculated results (44 gram less for this particular refill). To 
minimize this error, the fuelling station was re-programmed to reduce its filling rate from 
100 ‘bar per minute’16 to 50 ‘bar per minute’ since 2012, for a typical refilling, the 
temperature rose from 19 oC to 38 oC, which was significantly lower than the initial range 
and the tank pressure dropped from 351 bar to 315 bar (estimated) while cooling down. 
                                                     
15
 Pressure reading from the vehicle on-board dial, as the hydrogen fuelling station won’t operate if the tank 
pressure is relatively high, hence no pressure reading from it. 
16
 This is non-liner estimate pressure exchange rate between fuelling station and hydrogen tank. 
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Figure 7.2 Temperature change before and after the hydrogen refuelling process 
 
7.2.1.2 Refill Time 
As displayed in Figure 7.3, most of the refill processes have been done within 4 minutes 
during the test, depending on the initial pressure of the tank; even if when the tank was 
empty, it took no more than 5 minutes to fill the tank. On average, the filling rate was 
around 0.16kg hydrogen per minute. This energy (LHV) transfer rate equals that of charging 
a battery at a rate of 1350A from a 240V power supply. Hence, refilling a hydrogen fuel cell 
electric vehicle is hence more than 100 times quicker than charging a battery electric vehicle 
from a UK household plug. 
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Figure 7.3 Time of refilling process 
7.2.1.3 Hydrogen Consumption 
To compare hydrogen fuel cell vehicles’ energy consumption with other type of vehicles, the 
measurements of fuel consumed, either in volume per one hundred kilometres (i.e., L/100 
km) or in distance per volume fuel consumed (i.e., MPG-miles per gallon) are not 
comparable because of the different physical properties. Therefore, the energy consumption 
per distance travelled in MJ/km has been used, or vice versa (km/MJ), however this can be 
converted to equivalent value of L/100 km or MPG. Figure 7.4 shows the fuel consumption 
of each vehicle during the trial, according to the data of hydrogen refilled and distance 
travelled. The energy consumption of all the vehicles was calculated to be around 2.1 MJ/km, 
equivalent to 6.07 L/100 km or 46.54 MPG on petrol, a result affected strongly by the drive 
0
5
10
15
20
25
30
35
40
45
02:00 02:30 03:00 03:30 04:00 04:30 05:00
N
u
m
b
er
 o
f f
ill
s
Time for complete 0.6kg fill (minutes)
Average filling rate:  
0.164 ± 0.022 kg/minute
Chapter 7. Testing of Micro-cab H4 Vehicles  112 
 
 
cycle and traffic condition on the campus. Therefore the energy consumption ranged from 
0.9MJ/km to 3.6MJ/km. When the condition was ideal, a 100MPG could be achieved. 
 
 
Figure 7.4 Combined fuel consumption of each vehicle under campus drive cycle 
 
7.2.2 Fuel Cell Performance and Efficiency 
The Ballard Nexa™ fuel cells have performed very robustly during the trial in all four vehicles, 
underwent the sub-zero winters down to -5°C without problems and showed no observable 
degradation after more than 800 hours17 of operation, see Figure 7.5. 
 
The control strategy of the fuel cell was straight forward because it followed the 
requirement of a ‘current limited’ DC-DC converter which replenished the traction battery. 
Due to the strong hybridisation configuration, the fuel cells normally operated at full power, 
sometimes even over the rated output,  allowing the fuel cell to take advantage of operating 
                                                     
17
 Fuel cell operating time on H4 005, total operating time across all 4 vehicles more than 2000 hours. 
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under a reasonable static condition, but compensated by the low energy efficiency at high 
current output due to the concentration effects and intend resistance. 
7.2.2.1 I-V Curve 
The Nexa™ has integrated monitor systems which can measure the stack’s voltage and 
current output during operation; this was recorded by the Tempus data logger via RS232 
connection. Total 137,000 data points have been collected from real-life operation from all 
four vehicles rather than from controlled laboratory tests. The I-V curves of fuel cell stacks 
from all four vehicles are illustrated in Figure 7.5, compared with the manufacturer 
specifications given by Ballard. It can be seen that all four stacks have performed well and 
sometimes were even over their rated manufacturer specifications. 
 
When the stacks operated less than the maximum rated output of 46A (1500W gross, 
1250W net) there were no statistically significant differences between the individual I-V 
curves. However, three of the stacks were operated over their rated power, occasionally 
reaching the maximum shut-down limit of 75A (equals to 1850W gross or 1600W net). In the 
range of 50A to 75A, the I-V curve fluctuated irregularly. This generally took place at the 
start-up process in normal operation and accounted for less than 5% of their operating time. 
 
The H4 002 (as illustrated on the bottom right) was an exception to this, as its DC-DC 
converter was purposely limited to take an input current of 40A, thereby keeping cell 
voltages above 0.65V. 
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Figure 7.5 I-V curve for the fuel cell stacks measured in each vehicle in comparison to manufacturer rated 
specification[162] 
7.2.2.2 Hydrogen Consumption and Purge 
The high pressure of hydrogen from the tank was firstly reduced through a pressure 
regulator to approximately 11 bar to feed the fuel cell stack. With a 1/4" tube used in the 
system, the hydrogen discharge rate was satisfactory at every stage of fuel cell 
performance(less than 18 Standard Litre Per Minutes-SLPM as manufacturer suggested). 
Figure 7.6 plotted the hydrogen consumption rate SLPM against fuel cell current for a typical 
‘postal operation’, is shown when the fuel cell requires less than 13 SLPM hydrogen most of 
the time, with higher rates that were up to 19 SLPM occasionally. The average of this 
particular drive cycle had an average hydrogen flow rate of 11.08 SLPM with a total 
0.4
0.5
0.6
0.7
0.8
0.9
0.4
0.5
0.6
0.7
0.8
0.9
1.0
20
25
30
35
40
45
20
25
30
35
40
45
0 0.1 0.2 0.3 0.4 0.5 0.6 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
0 20 40 60 80 0 20 40 60 80
H4 005 RED H4 004 GREEN
H4 003 BLUE H4 002 WHITE
Ballard specifications
Current density (A cm-2)
Stack current (A)
Current density (A cm-2)
Stack current (A)
C
e
ll
 v
o
lt
a
g
e
 (
V
)
C
e
ll
 v
o
lt
a
g
e
 (
V
)
S
ta
c
k
 v
o
lt
a
g
e
 (
V
)
S
ta
c
k
 v
o
lt
a
g
e
 (
V
)
C
e
ll
 v
o
lt
a
g
e
 (
V
)
C
e
ll
 v
o
lt
a
g
e
 (
V
)
S
ta
c
k
 v
o
lt
a
g
e
 (
V
)
S
ta
c
k
 v
o
lt
a
g
e
 (
V
)
Chapter 7. Testing of Micro-cab H4 Vehicles  115 
 
 
hydrogen consumption of 412.5L, so that, given the hydrogen stored on-board was 
approximately 6676L, the amount of hydrogen stored could power the vehicle up to 10 
hours of duty or 15 postal duty cycles (around 2Km long). 
 
Figure 7.6 Hydrogen consumption rate (SLPM) against fuel cell stack current in typical 'Postal duty cycle' 
 
Only a small amount of hydrogen was purged from the system, occupying less than 1% of 
the overall fuel consumption rate. Purged hydrogen was discharged into the cooling air 
stream before it left the Nexa™ system. 
7.2.2.3 Cell Temperature 
In the same postal duty cycle (see Figure 7.1), the temperature measured from the air 
exhaust stream was up to 10oC lower than the actual cell temperature: the cell was designed 
to operate at 65oC, and the air exhaust stream temperature was 55oC [172]. Figure 7.7 
illustrates the temperature behaviour of the fuel cell; it can be seen that temperature rose 
from the ambient 20oC to the operational temperature of 55oC in 7 minutes, and kept in the 
range 52 – 59 oC across the whole cycle. It was observed that the temperature dropped 
slightly with current decrease (when the traction battery SoC was close to 100% during the 
stops), and stayed constant when the fuel cell stack operated continuously at rated full 
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power. The air-cooled Nexa™ maintained the temperature at 65oC by varying the speed of 
the cooling fan, extracting the heat to the top of the fuel cell and dissipating it via the vent 
near the rear bumper. The fuel cell shut down if the cell temperature rose over 73oC, but this 
was never realised. 
 
Figure 7.7 Cell temperature behaviour in a typical postal duty cycle 
7.2.2.4 Fuel Cell Efficiency 
The data used to calculate fuel cells efficiency was the same as in-situ data used to plot the  
I-V curve. This data was gross power output data, and it therefore needed to be corrected to 
get the net data, i.e. subtract the parasitic loads such as air blower and control electronics. 
 
To identify the characteristic stack efficiency and the impact of parasitic loads, one hour of 
controlled driving testing was accomplished. From these results, both gross efficiency and 
net efficiency were plotted in Figure 7.8 against the net power output. The gross efficiency 
plot used the raw data from the Nexa™ integrated monitoring system, which came out with 
an average efficiency of 50%, with a peak of 60%. This included internal parasitic loads which 
needed to be subtracted, as the stack efficiency was expected to be 38% LHV at full load, 
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rising to a peak of 50% based on the specification. Therefore, net efficiency was plotted 
using the corrected data18 from the net efficiency curve and it can be seen that: 
1. Starting the fuel cell from cold: the maximum power output and efficiency increased 
slightly while the stack was warmed up to its optimum temperature of 50°C. 
2. Operating at full power: when at steady-state, the net power output and efficiency 
remained consistent at 1140 ± 4W and 41.6 ± 0.6%. 
3. Reduced power output: when the batteries SoC was high, the stack power fell, and 
the increase in cell voltages led to improved efficiency, reaching 47.3 ± 0.4% at the 
minimum of 330W19. 
 
Figure 7.8 Gross and net efficiency of the red vehicle’s fuel cell stack for a representative drive cycle 
 
                                                     
18
 Correction equation from Excel fitting y = 0.0267x
2
 + 3.4759x + 37.817 
19
 This was the reasoning behind limiting the output of the fuel cell in the white vehicle; net efficiency could be 
kept above 45% by operating the stack above 0.65 V per cell. 
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Figure 7.9 Net efficiency for the fuel cell stacks measured in each vehicle against instantaneous power output. 
The colour intensity of each data point indicates how frequently the stack operated at that point. 
 
The overall efficiency of all four vehicles’ stacks over 250 hours operation has been plotted 
against power output in Figure 7.9. It is seen that each of the curves follows the trend 
expected, the efficiency increasing as power output decreased, up to the point where 
auxiliary loads began to dominate the requirement for hydrogen consumption, and the 
system efficiency started to decline rapidly. The results showed that the efficiency 36.7 ± 1.3% 
(averaging across the four vehicles) at full load was close to the rated value 38%, but when 
the fuel cell output was below 600W, the average efficiency was just 41.1 ± 1.7% across the 
four vehicles, lower than the manufacturer rating. This was very likely caused by the greater 
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parasitic loads than rated, since the fuel cell stack being enclosed in a metal box that 
reduced the air flow, therefore needing greater pumping power in comparison with 
operating in an unconfined condition. In addition, the efficiency of supplying power for these 
parasitic loads was lowered due to the repeated voltage conversions. The fuel cell needs 
external 24V power supply but the H4 auxiliary voltage is 12V as in most light duty passenger 
vehicles. Consequently, auxiliary power came from the fuel cell initially from a step-down 
DC-DC converter, and step-up back to 24V via another DC-DC converter, the overall 
conversion efficiency being only around 71%, 1.4 times worse than expected. 
7.2.3 DC-DC Converters 
The H4 has two main voltage networks, 48V traction network and 12V auxiliaries network20, 
both drawing power from the fuel cell 24V output, hence two different DC-DC converters 
have been used. 
7.2.3.1 Main Converter 24V-48V 
In order to charge the traction batteries effectively, the fuel cell’s output was stepped up to 
48 volts using a voltage regulated 1.7kW Zahn Boost DC-DC Converter (DC6350F-SU). This 
converter has an input of 24–42 V and adjustable output up to 60V, Figure 7.10 shows that 
this converter has a peak efficiency of just 81.2 ± 4.0% in a narrow window between 1100 
and 1250 W, where the fuel cell output is at full power. The efficiency then decreased more 
than 10% on either side of this power range, with more dramatic decrease occurring when 
input power was below 750W. However, the histogram of input powers in Figure 7.11 also 
shows that the fuel cells operated for considerable time between 300 to 600 W, providing 
150 to 400 W to the main DC converter.  In this region, the converters’ efficiency ranged 
                                                     
20
 The power for Ballard 24 V controlling system is included in 12 V auxiliaries’ network. 
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from 58% down to just 21%, which pulled the average efficiency during the trial down to 
73.6%. 
 
Figure 7.10 The efficiency and usage profile of the main DC converters averaged across all four vehicles 
 
Figure 7.10 also shows some negative power went into the DC converter up to 350W.  As the 
regenerative braking was disabled (described in following sections), this negative power was 
possibly caused when all the traction batteries were completely charged and the fuel cell 
was turned off. This was a very inefficient mode of operation, as the unidirectional DC 
converter could provide only 2–16% efficiency; however, it was only experienced for 4% of 
vehicle’s operating time. This could be limited by a diode between the 48V battery pack and 
main DC converter. 
7.2.3.2 Auxiliaries’ Converter 24-12 V 
The combined power needed for the vehicle electronics and data logging equipment ranged 
from 50W up to 300W at 12V. Hence a Waeco PerfectPower DCDC20 step-down converter 
0%
10%
20%
30%
40%
50%
60%
70%
80%
90%
100%
0
5
10
15
20
25
30
35
40
45
50
-500 0 500 1000 1500 2000
D
C
 c
o
n
ve
rt
e
r 
e
ff
ic
ie
n
cy
To
ta
l o
p
e
ra
ti
n
g 
ti
m
e
 (
h
o
u
rs
)
Power input into DC converter (W)
Chapter 7. Testing of Micro-cab H4 Vehicles  121 
 
 
was used together with a 12V lead-acid battery. The maximum power conversion of this DC 
converter was 240W, drawn from the 12V battery where needed. 
 
Figure 7.11 Efficiency of the auxiliary DC converters in all four vehicles over their operating range 
 
Figure 7.11 shows a histogram of the power input into the converter during the trial, from 
which it is seen that the majority of power input was less than 100W. This is because most 
the tests were undertaken during daytime, when heating and lights were generally switched 
off.  The average power draw from the auxiliary network was 113W, unlike the main DC 
converter, the efficiency of this auxiliary DC converter was relatively consistent over its 
operating range (see Figure 7.10), providing an average efficiency of 83.4%. It only declined 
below 80% when producing more than 24A which rarely occurred. 
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7.2.4 Batteries 
7.2.4.1 Useful Energy Capacity 
During the typical campus drive cycle, the fuel cell could not provide enough traction power. 
Therefore the battery supplied 1-12kW power from time to time, and since the capacity of 
the batteries was 1.5kWh, the battery could be completely discharged in 7 minutes. In 
addition, the useful battery capacity was reduced when higher currents were drawn due to 
the Peukert effect. In extreme cases, less than half of the total battery capacity was available 
at the high discharge rates, as shown in Figure 7.12. When discharging at 12kW, only 27% of 
the total capacity was left, indicating that the battery completely discharged in 2 minute. 
Increasing the battery capacity by adding more parallel strings would reduce the discharge 
rate in each string of battery, thus increase the available capacity per string. However, the 
increase in vehicle weight may offset the benefit (see results in Chapter 8). 
 
Figure 7.12 Available battery capacities as a function of discharge power, showing the Peukert effect 
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7.2.4.1 Change of SoC 
 
Figure 7.13 State of charge and energy transfer to/from the battery pack during the course of a typical drive 
 
Due to the size of battery, the vehicle needs to operate under charge sustaining (CS) model, 
i.e. the SoC over a driving profile may increase and decrease, on average, it remain at its 
initial level. The charge/discharge cycle efficiency of the batteries was measured to be 83% 
in the laboratory; therefore a 1.5kWh battery pack will need 1.85kWh electric energy to be 
supplied for a complete recharge. This efficiency was confirmed within the vehicles from 
analysis of the voltage and charge flowing in and out of the batteries. See Figure 7.13, the 
top section illustrated the change of SoC and the amount of cumulated energy transfer, the 
bottom section plotted the vehicle speed and fuel cell power output, it can be seen that 
when the vehicle ran at higher speed, the fuel cell operated at full power (the flat straight 
line) with assistance of battery, hence decreasing  battery SoC and the capacity has been 
observed in this stage; when vehicle ran at lower speed and standstill, the fuel cell 
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continually operated at full power to charge the battery, and started to reduce power output 
when SoC was within 10% range, a good example was at the end of the drive the fuel cell 
power gradually decreased to its minimum of 300W before shutting off, when the battery 
had charged to its initial SoC level. 
 
7.2.4.2 Battery Lifetime 
 
 
Figure 7.14 Swollen Batteries of Micro-cab H4 
 
The batteries were rated for 500 cycles at 80% Depth of Discharge (DoD). During the campus 
drive cycle, the DoD of the battery was around 10%-30% as shown in Figure 7.13, which 
would increase the cycles above 2000 in this case. However, battery life becomes shorter 
when charge/discharge is at a repetitive high current. With about 4-10 cycles per day on 
average, the batteries in Micro-H4 would last 2-3 years [177]. In addition, when two strings 
of battery were connected in parallel, each string may have different resistance, and may 
give uneven currents flow between strings, therefore reducing the lifetime of the batteries. 
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Under extreme circumstances this could cause damage to batteries, as Figure 7.14 illustrates 
with a picture of swollen casings. This was happened after 5 hours of heavy load use in 2 of 
H4 model vehicles. 
7.2.5 Motor and Drive-train 
One of the vehicles was tested on a rolling road and its power consumption was measured at 
different road speeds by TUV NEL, which revealed the motor efficiency peaked at 81% and 
remained above 77% over the range of 4–12kW. But the efficiency decreased dramatically 
under 3kW, as shown in Figure 7.15 and the specific efficiency at each power output can be 
calculated using equation (1). This motor character particularly affected the Micro-cab H4 
because of its low speed and mass. The motor required less than 3 kW for the vehicle to 
cruise at a steady speed of 30km/h (the campus speed limit), meaning that its high efficiency 
region was only obtained during periods of acceleration or hill climbing. And over the typical 
drives on campus, which were mostly low speed, the average motor efficiency was reduced 
to 73.5% when weighted (Excel fitting) by the amount of energy consumed at each power 
level (input power multiplied by operating time). 
                  
      
 
 
It can be seen that the efficiency of the motor varied widely over the operating range. The 
motor controller was able to control the power to the motor field coils and the motor 
armature in response to driver demand. The motor controller power input and motor net 
power output has been compared in Figure 7.16. The motor controller withdrew up to 13kW 
power from battery and fuel cell, where the motor was only capable to deliver max 10kW to 
the differential gears. The differential with reduction gears was assumed to have a constant 
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efficiency of 92%, the net power to drive the vehicle should be around 9.2kW with an overall 
efficiency from the motor controller to wheels about 67.6%. 
 
Figure 7.15 Motor efficiency plotted against power input and the corresponding vehicle speed, 
overlaid with a histogram showing how frequently the motors were operated at each power level 
 
 
Figure 7.16 Motor controller input power and net motor power comparison 
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The motor operated over its rated power 2.24kW for half of the time of the campus drive 
cycle, and amazingly has a greater efficiency to do so. The motor designed to operate above 
rated power for 60 minutes. Owing to the thickness and size of the motor outer wall, it could 
dissipate the heat effectively and keep the temperature within the limit. During the test, the 
motor temperature was about 32oC, and no issues were recorded regarding motor and its 
controller’s temperature. In addition, the motor was continuously draining the battery by an 
average of 2.25kW. Clearly, if this was typical, there must be frequent stationary periods to 
allow the battery to recharge, as the fuel cell can only supply half of that power. The motor 
and its integrated controller were capable of operating as a generator to provide 
regenerative braking.  The efficiency of being a generator is unknown but can be assumed as 
similar to be a motor. However, this function had to be deactivated because the vehicle’s 
electronics couldn’t withstand the surge due to the small capacity of battery, so around 5-10% 
braking energy could not be recovered. 
7.2.6 Overall Performance and Efficiency 
The fuel cell vehicle was expected to be twice as efficient as the conventional IC engine 
vehicle, because the fuel cell stack has higher efficiency than thermal engines by factor of 2 
in general. Figure 7.17 shows the combined efficiency of fuel cell and the main DC 
converters, showing the peak efficiency was 33.4 ± 1.7%. In ideal conditions, the main DC 
converter has a peak efficiency of 82.2% and the fuel cell has a peak efficiency of 46.2%, 
offering a combined result of 38%. However the fuel cell achieved its peak efficiency at 
partial load whereas the DC converter almost behaved in the opposite way. This means that 
when the fuel cell operated best at low power, the DC converter would pull the combined 
efficiency down from 46% to just 25%. 
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Figure 7.17 The combined efficiency of the fuel cell and main DC converter. For the fuel cell and DC converter, 
the three lines show the average efficiency plus and minus one standard deviation. 
 
Table 7.3 lists the measured efficiencies of each component to show that the average 
power-train efficiency was 18.6%, more than one-third lower to its peak efficiency 29.6%, 
almost double that of the diesel vehicle (Ford Connect diesel Van) under the same 
drive/duty cycle on the campus. 
Component Peak efficiency 
Weighted  
average efficiency
21
 
Fuel cell 
Gross stack efficiency 
Parasitic consumption 
46.2% 
56.4% 
18.1% 
40.1% 
47.0% 
14.7% 
Vehicle auxiliaries 
Proportion of power required 
DC converter efficiency 
95.0% 
4.5% 
89.9% 
89.4% 
8.8% 
83.4% 
DC converter 82.2% 73.6% 
Battery charging 
Proportion of power used for recharging 
Charging efficiency 
92.1% 
46.6% 
83.0% 
92.1% 
46.6% 
83.0% 
Motor 82.0% 73.5% 
Overall 29.6% 18.6% 
Table 7.3 Average and peak efficiencies of each component in the Micro-cab power-train 
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7.3 Postal Service 
The University of Birmingham employs a fleet of 110 vehicles for deliveries and other duties, 
many of which are small vans with similar format to that of the Micro-cab, such as Ford 
Connect van for postal service. One Micro-cab H4 was modified in order to serve the postal 
routine has been shown in Figure 7.1. The records show an average speed of just 2.6 mph 
due to numerous stop/start involved in this duty cycle. The postal results were also 
compared with academic drive cycle (as pictured in Figure 7.18) where the vehicles were 
driven in a loop around the perimeter road, in which stop/start cycles were reduced to a 
minimum. 
 
Figure 7.18 Academic drive cycle 
7.3.1 Energy Consumption 
Figure 7.19 show the results for both Ford Connect diesel van and Micro-cab H4 hydrogen 
fuel cell vehicle driving under postal and academic cycles in terms of energy consumption. It 
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can be seen that the postal cycles were worse than those from the academic cycles for both 
vehicles, and the hydrogen fuel cell H4 has better energy efficiency in both cycles. Under the 
academic drive cycle, the Micro-cab H4 consumed 1.4MJ/km, which was only about half that 
of the diesel van. During the 160 individual postal duties, total 281 kilometres has been done 
and 5kg of hydrogen was refilled. Giving energy consumption was 2.49MJ/km HHV during 
the postal run, which corresponded to 0.41km/MJ HHV (44 mpg diesel equivalent), this was 
an improvement on the diesel van which was 28mpg but only half of the efficiency of the 
academic run. 
 
Figure 7.19 Results for both Ford Connect diesel vehicle and Micro-cab H4 hydrogen fuel cell vehicle 
 
7.3.2 Carbon Footprint 
The Micro-cab H4 only emits water hence the overall carbon footprint has been compared 
through energy measurements instead of measuring tailpipe carbon emissions. The postal 
vehicle drove 27km a week in average, around 1300km a year. The fuel consumption was 
28mpg for the diesel van. In total 131.1L or 4712MJ LHV of diesel were required; CO2 
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emissions from combusting diesel were 74g per MJ of fuel used.  Extraction from the ground 
and refinery operations added 14% to this. Therefore the well to wheel equals 86g per MJ, 
so that the carbon footprint annually was 405.2kg. 
 
The Micro-cab H4 need 22.6kg hydrogen a year to provide postal services. The hydrogen 
used was sustainably-sourced from Green Gases of Cambridge. The hydrogen was generated 
from renewable electricity that was in turn produced on site from digesting agricultural 
wastes. The carbon footprint of this hydrogen was estimated to be 18g/MJ. Nearly two 
thirds of this was for transport from Cambridge to Birmingham in steel containers by truck. 
So the total carbon footprint annually for Micro-cab H4 was 48.7kg, with a reduction of 88% 
compare to the diesel van. 
7.4 Discussion and Recommendations 
From the results shown in the previous sections, giving the reasons for inefficient operation 
of the fuel cell vehicles, it is clear that the Micro-cab required improvements in the following 
areas. 
7.4.1 Sufficient Fuel Cell Stack with Improved Control 
At present the Ballard 1.2kW fuel cell cannot match the average driving power requirements, 
as operating continuously in the campus duty cycle requires 2.24kW average power. A 4-
5kW fuel cell would be ideal to conduct this duty cycle. However, a higher speed drive cycle 
required for urban applications will further increase the size of fuel cell. In addition, 
currently the fuel cell is dynamically providing the load demanded by the batteries and 
motor, and a 7 minutes relay will turn it off after the ignition has been taken out whatever 
the battery SoC was. But in practice it proved to be problematic as there was no calculation 
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of how the vehicle had been driven which means if the vehicle had been driven to complete 
depletion of the battery, 7 minutes is not enough to replenish the battery, leaving the 
batteries almost empty for the next drive. On the other hand, if the vehicle had been barely 
driven, the fuel cell will operate at lower output which just covers the parasitic load. 
Therefore an improved control strategy is to turn off the fuel cell when the batteries have 
reached an optimal state of charge; this would improve the combined efficiency of fuel cell 
and DC converter. 
 
A 48V fuel cell stack can be used, as discussed in Chapter 5, to reduce the number of DC 
conversion stages, therefore improving total system efficiency, as well as reducing cost and 
weight. 
 
Another approach is to use a current-limited DC converter with two fuel cell stacks 
connected in parallel, running each stack at 50% power output. In this case the DC converter 
would operate at full load, then all the components can reach their optimum efficiency, 
however, the extra parasitic load for additional fuel cell may offset the benefit. 
 
7.4.2 Advanced Battery or Ultra-capacitors 
Integrating a larger capacity of battery or super capacitors will provide greater peak cranking 
power and allow regenerative braking. For example, to replace the lead acid batteries with a 
state of the art lithium phosphate battery will provide 5 times more energy with the same 
weight. Larger capacity of electric storage device will also allow the fuel cell to operate at 
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more steady conditions, and allow the vehicle to have a plug-in feature which will reduce the 
dependency on hydrogen fuel. 
7.4.3 Permanent Magnet Electric Motor 
Another improvement could be realised by replacing the Separately Excited GE motor with a 
permanent magnet electric motor, hence eliminating the power required to generate the 
magnetic field. AC motors generally have higher voltage efficiency, but the controller costs 
more and the additional stage of power conversion from DC to AC will not only add the cost 
and complexity, but may offset the gained efficiency. 
7.4.4 Projected Power-train Efficiency 
Calculation of the above proposals suggests that the power-train efficiency could be doubled 
from 18 to 36% whilst keeping the weight similar (see Chapter 9). This would give an 
estimated fuel economy of 1.0-1.2MJ/km – equals to 85-102 miles per gallon of diesel 
equivalent (UK), or 64-76 miles per gallon of petrol equivalent (USA). 
 
7.5 Conclusions 
The original prototype Micro-cab H4 has been tested for about 2 years on the campus drive 
cycle, without any major issue regarding hydrogen and fuel cell operation. The performance 
of the vehicles was competitive with the University of Birmingham fleets; the power train 
efficiency was only about 18% but was found to be twice as good as the standard diesel vans 
used in the postal services. 
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The fuel cells stacks were found to perform better than expected, however, the main DC 
converters and the motors were found to perform below anticipations. It was also found 
that optimal operating points of individual components were shown not to coincide with 
one another, such as combined efficiency of fuel cell and main DC converter, and the motors 
often operated outside of its peak efficiency range at low power output. 
 
The findings from this chapter were considered as guidance for the future upgrade. It was 
manifest that optimising the system as a whole is critical. In order to achieve this upgrading, 
it was necessary to calculate from the computer model how the hybrid system could be 
improved, as described in the next chapter. 
  
 
8. Chapter Eight 
Drive Cycle Simulation of Various 
Vehicle Drive-trains 
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8.1 Introduction 
The energy consumption results in Chapter 7 showed that the Micro-cab presented quite 
different performance in the different duty cycles. In addition, for the same duty cycle, the 
fuel consumptions showed a discrepancy when different drivers were used, as Figure 7.19 
illustrated. At the same time, the results also indicated that the fuel cell Micro-cab was more 
sensitive to aggressive drive cycle and driver behaviour than the diesel van. In this chapter, 
the energy efficiency of the vehicles under different drive cycles will be compared. 
8.2 Methodology 
The objective was to compare the vehicles’ energy efficiency and greenhouse gases of 
different potential propulsion technologies on an equivalent basis assuming that the size and 
performance of future vehicles were comparable to 2010 models. 
8.2.1 Glider Vehicle 
The Volkswagen Golf glider has been chosen as a representative as it is not only the best-
selling light duty vehicle according to 2010 sales in Europe, but also the most sold vehicle in 
history. The main characteristics of the glider are defined in in Table 8.1. 
Parameters Value 
Glider mass (kg) 990 
Frontal area (m
2
) 2.19 
Coefficient of drag 0.31 
Wheel Radius (m) 0.56 
Rolling Resistance 0.08 
Table 8.1 Parameters of glider, data based on VW MK VI Golf hatchback 
8.2.2 Simulation Method 
The vehicle system simulation was performed using ADVISOR® (Advanced Vehicle Simulator) 
software, developed by the U.S. Department of Energy’s National Renewable Energy 
Laboratory’s (NREL) for Transportation Technologies and Systems based on Matlab [178]. 
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This means that for every instant of a drive cycle, the required torque and rotational speed 
are first calculated at the wheel, and subsequently traced all the way to the power source, 
i.e. engine or electric motor. The structure of ADVISOR makes it ideal for interchanging a 
variety of components, vehicle configurations and control strategies. 
 
In order to optimise the different power train models’ accuracy, parameters like fuel 
consumption, CO2 emission, and vehicle range testing under New European Drive Cycle 
(NEDC) were compared, as shown in Table 8.2. The official results from Driver and Vehicle 
Licensing Agency (DVLA) have been used for already commercialised power trains, including 
petrol, petrol-hybrid, diesel and diesel hybrid; the BEV fuel consumption was compared 
using the near-commercialised NISSAN Leaf, and the FCV fuel consumption was compared 
using demonstration FC vehicle from Honda and Daimler. It can be seen that the differences 
between simulation results under NEDC are relatively insignificant; it could be assumed that 
the differences under other drive cycles would have the same trend. 
 
*From manufacturers official website 
Table 8.2 Parameters of simulation models under NEDC 
Power train Equivalent Model NEDC Dynometre Results 
ADVISOR Simulation 
Results in NEDC 
Petrol 
VW 1.4 TSI petrol 
Golf* 
6.29 L/100 km 
or 144 g/CO2, DVLA 
6.3L petrol per 100km 
Petrol Hybrid 
Toyota Auris 
Hybrid* 
3.75L/100km 
or 87g/CO2, DVLA 
3.9L petrol per 100km 
Diesel 
VW 2.0 TDI diesel 
Golf* 
4.49L/100km 
or 119g/CO2, DVLA 
4.7L diesel per 100km 
Diesel Hybrid 
Peugeot 3008 
Hbrid4* 
3.7L/ 100km 
or 99g/CO2, DVLA 
3.8L diesel per 100km 
Battery Nissan Leaf* 
175km range or 1.42L/100km 
equivalent, Nissan 
181km range  or 
1.5L/100km equivalent 
Fuel Cell 
 
Honda FCX Clarity* 
3.46L/100km petrol 
equivalent, H2 Move 3.2L/100km  petrol 
equivalent Daimler Benz B 
Class F-Cell* 
3.62L/100km petrol 
equivalent, H2 Move 
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8.2.3 Drive Cycles 
In order to better understand the differences on energy consumption under different driving 
conditions, four representative driving cycles have been selected, as listed in Table 8.3. 
Drive Cycle NEDC ARTEMIS 130 FTP 72 (UDDS) WLTC Class 3 
Distance 10.93km 50.88km 11.99km 23.26km 
Duration 1184s 3143s 1369s 1800s 
Average Speed 33.21km/h 58.28km/h 31.51km/h 46.5km/h 
Maximum Speed 120km/h 131.8km/h 91.25km/h 131.3km/h 
Maxi Acceleration 1.06m/s
2
 2.86m/s
2
 1.48m/s
2
 1.75m/s
2
 
Max Deceleration -1.39m/s
2
 -4.08m/s
2
 -1.48m/s
2
 -1.5m/s
2
 
Idle time 298s 331s 259s 235s 
NO. of stops 13 28 17 8 
Table 8.3 Characteristic of different drive cycles 
8.2.3.1 New European Driving Cycle (NEDC) 
NEDC was designed to test typical vehicles (light duty and less powerful compared to U.S.) in 
Europe; it combines four urban routes and 1 extra-urban route, as shown in Figure 8.1.  The 
urban driving cycle is also known as ECE 15 cycle, introduced in 1970 to represent the driving 
condition of busy European cities, with a maximum speed of 50km/h; the Extra Urban 
Driving Cycle (EUDC) is more aggressive with a maximum speed of 120km/h (or 90km/h for 
low-powered vehicle). With this drive cycle it is widely admitted in the research community 
that it is much less aggressive than real-world driving conditions [179], as the cycle uses a 
driving speed pattern of low accelerations (1.06m/s2 maximum), constant speed cruises, and 
long idling period (quarter of total testing time). This can also offer possibilities for 
automakers to optimise vehicle emission relevant operating characteristic to the test cycle, 
so called ‘cycle beating’ [180], hence motorists are likely to experience higher fuel 
consumption than the approved official figure. 
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Figure 8.1 New European Driving Cycle 
8.2.3.2 Common ARTEMIS Driving Cycles (CADC) 
CADCs are chassis dynamometer procedures developed within the European ARTEMIS 
(Assessment and Reliability of Transport Emission Models and Inventory Systems) project 
[181]. Unlike the EUDC, the ARTEMIS includes 3 major “real-world” driving cycles (urban, 
rural and motorway), as shown in Figure 8.2. There are two different motorway sections 
with top speed of 130km/h and 150km/h respectively. In this analysis, the lower top speed 
of 130km/h was chosen with the consideration of energy consumption. The cycles are based 
on statistical analysis of a large database of European real world driving patterns. (totally 12 
in specific22), ranging from congested urban to steady speed motorway [182]. Therefore the 
drive cycle testing results are representative and are closer to reality. 
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 (1) Congested urban (2) Urban dense (3) Urban low speed (4) Urban free-flowing (5) Urban unsteady (6) 
Secondary roads unsteady (7) Secondary rural roads (8) Rural roads steady speed (9) Main-road unsteady (10) 
Main-road steady speed (11) Motorway, unsteady (12) Motorway, steady speed. 
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The ARTEMIS drive cycle covers 50.88km, 5 times more than that of NEDC.  It is also much 
more aggressive with acceleration up to 2.86m/s2 and deceleration up to 4.08m/s2, so that 
for the same vehicles, ARTEMIS tests are expected to consume a greater amount of energy 
than NEDC tests. 
 
Figure 8.2 ARTEMIS (Assessment and reliability of transport emission models and inventory systems) driving 
cycle 
8.2.3.3 Urban Dynamometer Driving Schedule (UDDS) 
The UDDS is also known as FTP 72 (Federal Test Procedure U.S.) which represents the 
scenario of light duty vehicles under urban drive conditions with frequent stops and starts. 
This cycle has two phases: the “cold start” phase of the first 5.78km at 41.2km/h average 
speed, and the “transient phase” after 10 minutes stop follow the first phase, to cover the 
remaining 6.29km, as shown in Figure 8.3. Since 2000, FTP 75 has been used in emissions 
certification of light duty vehicles; the first 2 sections are the same as that of FTP 72, but 
adding another same phase with hot engine and the air-conditioner on. The FTP 72 has been 
used in this analysis because the focus was on drive cycles rather than on the auxiliary load. 
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Figure 8.3 Illustration of FTP 72 
 
8.2.3.4 Worldwide Harmonized Light Duty Driving Test Cycle (WLTC) 
The WLTC was developed based on combinations of collected in-use data and suitable 
weighting factors in China, EU, India, Japan, South Korea and U.S., which will include typical 
driving conditions worldwide [183, 184]. It has 3 different classes defined by the ratio of 
rated power in W / kerb mass in kg23,  
 Class 1: ratio <= 22, this is for ultralow-powered vehicle, for example, Micro-Cab H4’s 
motor was rated as 2.4kW with kerb mass of 650kg, giving a ratio of just 3.7. 
 Class 2: ratio > 22 but <=34, designed for low-powered vehicles, however there are 
not many vehicles that could fit in this class, the well-recognised urban vehicles such 
as Smart, Nissan Leaf and Mitsubishi IMEV all have a higher ratio24, however, fuel cell 
hybrid vehicle like new Micro-cab H2EV is in this class [52]. 
 Class 3: ratio > 34, most of the vehicles can be allocated in this class; the cycle as 
shown in Figure 8.4, contains different speed and acceleration requirements from 
                                                     
23
 The total weight of a vehicle with standard equipment. 
24
 According to the fact sheets on official websites of Smart, Nissan, and Mitsubishi. 
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low to extra high, and the testing cycle covers 23.26 km with an average speed of 
46.5km/h. 
Although this drive cycle is still under development with the final version expected in 2013-
2014, it is was well suited for comparison purposes in this study. 
 
Figure 8.4 WLTC Class 3 drive cycle 
8.2.3.5 Cycle Testing Mode 
In order to minimise the impact of the ‘cold start’ phase and to measure the differences 
between each drive cycle, it is essential to equalise the distance of different drive cycles. 
Providing the ARTEMIS is the longest cycle of 50.88km, 4 times NEDC and FTP 72, and 2 
repeated WLTC were simulated. 
 
In addition to individual drive cycles, a combined drive cycle contains all drive cycles (4 
individual cycles were performed consecutively) was also simulated. 
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8.3 Results 
8.3.1 Fuel Consumption  
To compare the fuel consumption of different power trains under different drive cycles, the 
vehicles were firstly simulated without cargo mass, with a hypothesis that a constant electric 
auxiliary load is available throughout the whole testing and the ambient temperature 
remains at 20oC. Figure 8.5 shows the fuel consumption (L/100km) of each test. It can be 
seen that: 
 Conventional petrol power train has similar results under NEDC, ARTEMIS 130, WLTC 
and combined drive cycles, with a stable consumption of around 6L/100km, apart 
from the result from FTP 72 of 10.6L/100km, which is about 1.7 times higher. 
 Petrol electric hybrid power train consumes, as expected, around 1/3 less energy in 
every drive cycle. Nevertheless this advantage is more obvious in a less aggressive 
drive cycle, such as NEDC, and vice versa. 
 Conventional diesel power train consumes around 20% less energy than petrol 
vehicle, even though the fuel consumption figures were already converted to petrol 
equivalent (lower energy density fuel). Basically, the fluctuations between different 
drive cycles are highly similar to that of conventional petrol vehicle. 
 Diesel hybrid power train demonstrates a slightly better performance than 
conventional diesel vehicle, but the trivial margin of improvement is yet enough to 
surpass petrol hybrid power train which costs less energy due to the lighter weight in 
general. 
 Battery vehicle displays much lower energy consumption, needs up to 4 times less 
fuel than others under NEDC drive cycle. Even its worst result occurs in FTP 72 drive 
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cycle equals to the consumption of the most efficient petrol hybrid power train in the 
least aggressive NEDC drive cycle. 
 Fuel cells vehicle has better results than any IC engine based or IC engine hybrid 
vehicles, under every drive cycles, but more fuel consumptive than BEV as expected. 
 
 
Figure 8.5 Fuel consumption of different power train under different drive cycles 
These results prove that different drive cycles would affect the energy consumption greatly. 
Conventional vehicles such as petrol and diesel power trains are less sensitive compared to 
their electric hybrid version. As indicated in Figure 8.6, battery and fuel cell electric vehicles 
are more sensitive on aggressive drive cycles, such as FTP 72, especially for pure battery 
vehicle, consuming up to 2.5 times more energy from one drive cycle to another (for 
example, when comparing FTP 72 against NEDC). Figure 8.5 shows both petrol hybrid and 
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diesel hybrid power train were influenced significantly by different drive cycles, for instance 
their efficiency under NEDC and ARTEMIS 130 were remarkably altered, while all other 
power trains were less affected by driving conditions when testing under these two cycles, 
showing a similar consumption. This simulation also demonstrates that the results from 
combined drive cycle can be used as the best representative result. 
 
Figure 8.6 Degree of sensitivity of power train to drive cycles (ratio of different drive cycles) 
 
8.3.2 Tank to Wheel (TtW) Efficiency 
Figure 8.7 shows the TtW efficiency of all power trains under all 4 drive cycles and the 
combined trip. It is manifest that the battery vehicle is the obvious winner, achieving up to 
70% power train efficiency, and is at least 3 times better than any IC engines power train; 
followed by the fuel cell vehicle, with about half of the efficiency of battery vehicle, because 
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the fuel cell itself has a typical efficiency of 50%. However, this result is still superior to any 
IC engines based and IC engines hybrid power trains. 
 
Figure 8.7 Power train Tank to Wheel (TTW) energy efficiency of different power train under different drive 
cycles 
8.3.3 Fuel Consumption with Increased Weight 
According Coulomb’s friction law, the vehicle weight could heavily affect the energy 
consumption, hence the fuel consumptions of different power trains with different payload 
has been analysed. From the manufacturers’ specification, the MK6 golf has a maximum 
payload between 511 and 644 kg. Because the extra weight of the battery in some hybrid 
models, such as diesel hybrid, the lower limit 511kg was used along with other 2 different 
loads: 150kg payload (2 passengers) and 350kg payload (4 Passengers with luggage). The 
simulation runs under the combined drive cycle, totally 97.1km. 
The simulation results are shown in Table 8.4, it can be seen that with the increasing payload, 
the fuel consumptions of all power trains grew accordingly, but rising with different 
0.0% 10.0% 20.0% 30.0% 40.0% 50.0% 60.0% 70.0% 80.0%
TTW Energy Efficiency
Cycle Combined
WLTC Class 3
FTP 72
ARTEMIS 130
NEDC
Chapter 8. Drive Cycle Simulation of Various Vehicle Drive-train 148 
 
 
percentage. For example, from unladen to maximum payload, the petrol power train needs 
1 extra litre fuel, and fuel cell power train needs 0.6 litres extra. In theory, one can argue 
that the fuel cell vehicle is superior to conventional vehicle when carrying extra load. 
However, the increments shown in Figure 8.8 demonstrate that the fuel cell power train has 
a very similar sensitivity of petrol vehicle towards payload; it also shows that the 
conventional diesel power train was least impacted by various weights, whereas the battery 
power train and petrol hybrid power train were sensitive to weight to a large extent. 
 
Unladen 
(L/100kg) 
150kg Payload 
(L/100kg) 
350kg Payload 
(L/100kg) 
511kg Payload 
(L/100kg) 
Petrol 6.2 6.5 6.9 7.2 
Petrol Hybrid 4.5 4.8 5.1 5.4 
Diesel 5.3 5.4 5.8 6.0 
Diesel Hybrid 5.1 5.3 5.7 5.9 
Battery 1.8 1.9 2.1 2.2 
Fuel Cell 3.5 3.6 3.9 4.1 
Table 8.4 Fuel consumption with different weight under combined drive cycle 
 
Figure 8.8 Power train fuel consumption sensitivity ratio for 150 kg, 350 kg and 511 kg payload. 
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8.4 Conclusions  
A model analysis has been used to compare different types of vehicle drive trains under 
various drive cycles. Although battery and fuel cell power trains are more sensitive to 
differences in drive cycle, battery power trains are also more sensitive to extra payload. 
However, due to the high TtW energy efficiency and low absolute fuel consumption figures, 
the energy efficiency of fuel cell and battery vehicle would still be superior to any IC engine 
based and IC engine hybrid vehicle, whatever the drive cycle and payload. 
  
9. Chapter Nine 
Upgraded Version of H4 Micro-Cab 
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9.1 Introduction 
In response to the weaknesses of the Micro-cab prototypes described in chapters 6 and 7, 
H4 004 Micro-Cab has been re-designed in order to improve the performance and efficiency. 
In the new design, a larger fuel cell was used to increase efficiency. Also, higher energy 
density lithium ion phosphate batteries replaced lead acid batteries; they were composite 
structures with 3kW PEMFC without DC-DC converter to prevent the energy being lost via 
power converters, as discussed in Chapter 5. Two individual Lynch pancake style permanent 
magnet DC motors powered each rear wheel through a high-efficiency belt & pulley 
mechanism, controlled by 2 separate Kelly motor controllers. Most of the components were 
rated at 48V DC to eliminate energy loss during voltage conversions. In addition regenerative 
braking was now possible. 
9.2 Experimental Method  
Since the upgrade was based on the original Micro-cab chassis, the best layout of 
component was not always possible. For instance, although front wheel drive configuration 
presented better motor cooling and more effective re-generative braking [185], the original 
Micro-cab was rear-wheel drive and the upgrade had to designed based on it. 
 
The original vehicle was designed for low speed (30mph) duty cycles, such as driving on 
campus, in which the aerodynamic drag can be negligible [186], safety crash rating is less 
critical. Bearing in mind that the stability and braking distance at higher speed are unknown, 
extra considerations and calculations must be taken to prevent potential failures and 
dangers at higher speed. 
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9.3 Upgrades  
9.3.1 Individual Electric Motors and Controllers  
Conventional vehicles’ drive train is often equipped with a differential mechanism to allow 
the driving wheels to rotate at different speed when turning. The helical gears inside of 
differential mechanism and gearbox normally have a combined efficiency of 93% [155, 187]. 
Electric drive trains could employ separate motors for each drive wheel to eliminate the 
requirement for differential mechanism and gearbox, therefore improving the drive train 
efficiency by 7%. 
 
The dual-motor and controller electric drive system is not only able to improve the efficiency, 
but could also enhance the handling and performance. Given the ‘steer by wire’ system will 
be installed in future vehicles, the motor controllers can communicate with the electric 
steering system while cornering. The speed of each wheel can increase or decrease 
according to the steering signal, limiting the potential under steering or over steering that a 
vehicle may suffer while turning. Alternatively, the dual motor systems can function as 
steering system themselves by continuously and individually adjusting the torque and speed 
of separate wheels according to the steering angle.  In addition, since each electric motor 
achieves its maximum efficiency at higher load, the vehicle could be powered by a single 
motor where possible (i.e. in a low speed straight line). 
 
In this new design, two Agni Lynch pancake shape light weight permanent magnet DC 
motors have been used; the specifications are listed in Table 9.1. These high power motors 
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provide up to 93% efficiency, and could maintain high efficiency over a wide range of loads 
and speeds as shown clearly in Figure 9.1. 
 
Make Model Cont. I at 48V Max rpm Cont. kW at 48V rpm/V Efficiency Weight 
Agni 95-R 220 6000 9.5 71 Up to 93% 11Kg 
Table 9.1 The specifications of Agni Lynch pancake shape light weight permanent magnet DC motors 
 
 
Figure 9.1 The performance of Agni 95-R motor at 48V[188] 
9.3.2 Drive the Wheels via Belt & Pulley 
There are few options to drive the wheels by individual electric motors. One novel approach 
is to use in-wheel hub motors which could eliminate the mechanical transmissions such as 
using reduction gear, drive shaft and axles, presenting a significant weight reduction and 
manufacturing/assembly saving [189]. But the hub motor has to be insulated from water, 
mud and impact to which a vehicle wheel normally is subjected. On the other hand, it has to 
be integrated with a thermal braking system and able to dissipate the heat effectively. 
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Therefore in-wheel hub motors are normally designed for large OEM production specifically. 
The key disadvantage of in-wheel hub motors is that the weight of the system, increasing the 
vehicle un-sprung weight which may reduce vehicle handling and ride [190]. So, the upgrade 
project chose to use the motors to power individual wheels through separate axles, as 
illustrated in Figure 9.2: 
 
 
Figure 9.2 Illustration of in-wheel hub motors 
 
The motor drove the wheel axle via a synchronous belt and pulley mechanism, as this is the 
lightest and most efficient options among spur gears, chain and shaft drive [191]. It also 
offered quiet, lubricant free and maintenance free operation. In order to increase the torque 
of the drive wheel and to reduce the top speed of the vehicle (with respect to safety), a 3.2:1 
gear ratio was used. Two Kelly PM48501B motor controllers with re-generative braking 
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function were used on each motor, allowing the user to programme parameters such as 
current limit and torque control. 
9.3.2 Additional PEM Fuel Cell Stack 
In order to achieve a Charge Sustaining (CS) drive, the fuel cell should be able to supply the 
average power to complying with the requirement of the given drive cycle. The 1.2kW 
Ballard Nexa fuel cell was not sufficient to provide the sustainable power required for the 
ECE15 drive cycle, hence an additional 3kW PEM fuel cell manufactured by Horizon was 
installed in the front of the vehicle, as shown in Figure 9.3. 
 
Figure 9.3 Horizon 3 kW PEM fuel cell at front to supply the traction power 
 
This fuel cell could be considered either as a charger to charge the battery pack, or the 
source to supply traction power to the electric motors directly along with the 1.2kW Ballard 
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Nexa stack, when the motor needs to reach the maximum power, especially when quick 
acceleration and higher power for climbing hills are needed. 
 
From the results achieved in Chapter 7, the DC-DC converter between fuel cell and batteries 
dissipated more than 20% of the fuel cell power, and the combined battery/fuel cell without 
DC-DC converter proved to be workable in Chapter 5. This concept has been adopted in this 
new design. Therefore the fuel cell has been carefully selected with respect to its I-V curve, 
in order to match the traction motor and batteries. Table 9.2 gives the specifications of the 
fuel cell. 
Number of Cells 72 
Rated Power 3kW 
Operating Point  70A @43.2V 
H2 Pressure 0.45-0.55 bar 
Size (with fan & casing) 51 cm x 16 cm x 35.5 cm 
Flow rate at max output 42 l/min @SLPM 
Start-up time ≦30S at ambient temperature 20oC 
Efficiency of stack 40% @ 43.2V 
Low voltage shut down 36V 
Over current shut down 90A 
External power supply 13V(±1V), 5A~8A 
Table 9.2 Specifications of Horizon 3kW PEM fuel cell 
9.3.3 9 kWh LiFePO4 Battery 
The battery in a fuel cell hybrid vehicle has to undertake three functions: 
 Firstly, it is the energy source for fuel cell’s start-up and pre-heating and provides 
energy to the motor. 
 Secondly, it acts as the Peak Power Source (PPS) to assist in acceleration. 
 Thirdly, it captures braking energy during deceleration. 
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The lithium ion phosphate battery (LiFePO4 ) is seen as the most suitable lithium based 
battery for automobile use, owing to its high energy density, specific power and safety 
features [192, 193]. 
16 units of 3.4V 180Ah LiFePO4 batteries that were connected in series configuration (54.4V) 
have been used in the system, storing up to 9.8kWh of energy, which was 6 times more 
capacity than that of the original lead acid battery pack, however with only 30kg addition in 
weight. The large capacity battery pack could enable the vehicle to use plug-in features, as 
well as to capture braking energy effectively during vehicle deceleration.  For a fuel cell and 
battery hybrid vehicle, this larger battery pack could be hybridised with a relatively smaller 
fuel cell stack running at the most efficient point, allowing the fuel cell life to be prolonged. 
9.3.4 System Configuration 
Figure 9.4 illustrates the configuration of the revised system. As it shows, two fuel cell stacks 
were connected in parallel to provide electronic power to battery and motor controllers, and 
they shared the same hydrogen supply with different pressure regulators. 
 
It can be seen that Fuel Cell 2 (Horizon 3kW) provides all its power directly to the battery, 
without powering conversion or auxiliaries load; Fuel Cell 1 (Nexa 1.2kW), however, only 
provides traction power when the vehicle needs extra power, but continuously supplies 
power to auxiliaries via the 24-12V converter, while also powering both the fuel cell 
controllers. 
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Figure 9.4 Upgraded power train configuration 
 
9.3.5 Data Collection 
A customised data logging system has been designed and installed in-house. The off-shelf 
Squirrel 2010 data logger has been used to collect 8 different currents and voltages across 
fuel cells, batteries, motor and motor controller, with a frequency of 1Hz, as listed in Table 
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9.3. The current sensors were adopted from the previous Tempus data logging system, re-
arranged and programmed to suit the new power train.  
Component Sensor Type  Connection 
Battery Voltage
25
 
Voltage - Single ended 
(-18.129 to 75.538V) 
3x resistors 
 
Ballard FC Current 
Voltage - Single ended 
(-847.5 to 352.5A) 
LEM current 
clamp 
 
Horizon FC Current 
Voltage - Single ended 
(-848.6 to 351.4A) 
LEM current 
clamp 
 
Motor controller 
Current
26
 
Voltage - Single ended 
(-844.59 to 355.41A) 
LEM current 
clamp 
 
Motor Voltage+ 
Voltage - Single ended 
(-18.129 to 75.538V) 
3x resistors 
 
Motor Voltage- 
Voltage - Single ended 
(-18.129 to 75.538V) 
3x resistors 
 
Ballard Voltage 
Voltage - Single ended 
(-18.129 to 75.538V) 
3x resistors 
 
Motor Current
27
 
Voltage - Single ended 
(-845.08 to 352.38V) 
LEM current 
clamp 
 
Table 9.3 Data logger settings 
 
Due to the limited inputs of the data logger, not all of the data could be collected at the 
same time. In order to get the most of the important ones, a ‘shared collection’ strategy was 
used. For example, only one motor’s current and voltage were collected, assuming the other 
one was the same all the time in straight line driving. To check this, an initial test for both 
motors was carried out. Figure 9.5 shows the motor current of each wheel when driving in 
campus, the blue line represents the driver side motor, and the red line represents the 
                                                     
25
 LiFePO4 traction Battery’s voltage will be same as Horizon fuel cell when fuel cell is running. 
26
 The motor controller current is the total current going in for both motor controllers. 
27
 Only one motor current has been recorded, assume these two motors have same current all the times, 
because the test track is straight line. 
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passenger side motor, this test drive contained both forward driving and reverses driving, 
with different speeds and lots of turnings. It shows the currents from both motors were 
matched 99% of the time. In straight line testing, both motors output the same amount of 
power, hence data collected from one motor also can be used on the other one. However, 
attention needs to be paid at higher current output because at this point the driver side 
current output was slightly higher than the passenger side, this can be caused by road 
conditions, tyre pressure and measurement tolerance. 
 
Figure 9.5 Comparisons of passenger/driver side motor current output 
 
The RACE TECHNOLOGY DL1 data logger was used to collect the speed, distance and 
acceleration data. This high performance data logger can collect data at frequency of 100 Hz, 
with the speed error below 1% under typical condition. However, to match the Squirrel data 
logger results, data resolution of 1 Hz has been used in this study [194]. 
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9.3.6 Testing Procedures 
The ECE 15 drive cycle was used in these experiments; this cycle is an urban drive cycle (also 
known as UDC and MVEG-A cycle) used for emission certification of light duty vehicles in 
Europe and designed to represent European urban driving conditions with low vehicle speed, 
low engine load, such as in London and Paris. Figure 9.6 illustrates the characteristics of  this 
cycle [195] and Table 9.4 lists the specific figures.  This cycle is designed to perform on a 
chassis dynamometer rather than on the realistic road for tailpipe emission certification 
purpose. Although the Micro-cab vehicle has no tailpipe emission, this is the standard cycle 
which well suited the comparison with conventional vehicles.  
 
Figure 9.6 Characteristics of ECE 15 drive cycle  
 
Time 195 seconds x 4 = 780 seconds 
Distance 1.013 km x 4 = 4.052 km 
Max speed 50 km/h 
Average speed 18.7 km/h(with idling) 
Max acceleration 1.06 m/s^2 
Max deceleration -0.83 m/s^2 
Average acceleration 0. 64 m/s^2 
Average deceleration -0.75 m/s^2 
Idle time 64 seconds per run 
Number of stops 3 times per run 
Table 9.4 Preference of ECE 15 drive cycle 
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9.3.7 Test Track 
The vehicle has been tested on Shakespeare County Raceway, an airfield style track which is 
good to test the top speed, acceleration and the ECE 15 drive cycle, as pictured in Figure 9.7. 
The ambient temperature on the test day was 20oC and wind speed was 9mph. Both 
batteries and fuel cells performed well under this condition. However, the rolling resistance 
was much higher than on a standard road, as this track is in general used for drag racing and 
is covered with rubber, as illustrated in Figure 9.7. 
 
 
Figure 9.7 Testing track with speed indication of ECE drive cycle 
9.4 Results  
9.4.1 ECE15 Test without Passenger 
First, the vehicle was tested according to the ECE 15 drive cycle with the driver only. The 
total weight of the vehicle including driver and testing equipment was 750kg ± 10kg. In order 
to calculate the energy consumption, hydrogen pressure was recorded before and after the 
test, the 12V auxiliary lead acid battery voltage was observed and recorded manually, while 
the traction LiFePO4 batteries were measured via Grant data logger. Raw results from both 
the Grant data logger and the Race-Tech data logger have been filtered after test, since the 
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data loggers were normally turned on a few minutes before the test and turned off a few 
minutes later after the test. For example, the useful data were effectively collected only 
within 195s for the ECE 15 drive cycle test as listed in Table 9.5. 
 Before After 
Hydrogen Pressure 170 161 
Traction Battery voltage 54.003 V 53.799 V 
12V battery voltage 13.1 V 13.0 V 
Grant Data Logger Clock time 17:17:40 17:20:55 
GPS vector time 23 218 
Table 9.5 Readings difference before and after ECE 15 testing without passenger 
  
Figure 9.8 has combined both GPS data and electronic data, both horizontal axles represent 
the time consumed; with different vertical axles representing the speed, currents and 
voltages. In the upper part of diagram, the GPS speed against time is presented by the blue 
line; from the shape it can be observed that the figure is fairly close to the ECE 15 drive cycle 
as illustrated by the black dash line, bearing in mind the human errors; it shows the top 
speed and acceleration were slightly higher than the standard ECE 15 drive cycle. The red 
line is the motor voltage, which follows the trend of the GPS speed perfectly, as expected. 
The green line shows the cumulative distance travelled. The distance travelled was relatively 
longer than the standard because of the slight errors in acceleration and speed. 
 
The lower part of Figure 9.8 shows the current and voltage characteristics of the major 
components during the test. These included: 
9.4.1.1 Fuel Cell Stacks 
As soon as the test started, the 3KW Horizon fuel cell began to charge the traction battery at 
a rate of 34.3-38.9A, represented by the green line; the voltage (the dark olive line) was 
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hovering around 54V, which means that at the beginning of the ECE 15 drive cycle idle 
period, the Horizon charged the battery at the rate of 2kW for 10 seconds.  As soon as the 
 
Figure 9.8 ECE 15 drive cycle test without passenger 
 
motor controller commenced  drawing power from the battery, the Horizon fuel cell started 
to react and the output increased to 50.1A at 51.1V, creating an output power of more than 
2.5kW. Meanwhile, the Ballard fuel cell only supplied auxiliary power to the 48-12 V DC-DC 
converter which was continuously charging the 12V batteries which supplied power to the 
Horizon fuel cell controller. This is because the 24V Ballard has to supply traction power via 
the 24-48V step-up DC-DC converters which is voltage regulated rather than current 
0
0.3
0.6
0.9
1.2
0
15
30
45
60
0 40 80 120 160 200
D
is
ta
n
ce
 [k
m
]
Sp
e
e
d
 [k
m
/h
]
V
o
lt
ag
e
 [V
]
Time [s]
GPS Test Speed [km/h]
ECE 15 Speed [km/h]
Motor Voltage [V]
Cumulative Distance [km]
0
10
20
30
40
50
60
-400
-300
-200
-100
0
100
200
300
0 40 80 120 160 200
V
o
lt
ag
e
 [V
]
C
u
rr
e
n
t 
[A
]
Time [s]
Ballard Current [A]
Horizon Current [A]
Motor Current [A]
Motor Controller Current [A]
BUS Voltage [V]
Ballard Voltage [V]
Current limit
Motor Regenerative Braking
Chapter 9. Upgraded Version of H4 Micro-Cab  165 
 
 
regulated, and the output could only be selected with 10V increments, therefore 50V output 
has been selected in order to protect both batteries and the fuel cell itself.  This setting only 
allowed the 1.2kW Ballard fuel cell to be engaged when the traction battery voltage was 
lower than 50V, in another words, at a high power demand point. 
 
The test proved that this concept worked, as reflected in the last section of ECE 15 testing (at 
reading 120s), when extra power was needed to complete this section. The Ballard fuel cell 
then engaged and provided a short period of boost to attain the harsh acceleration as shown 
in the GPS speed curve. The maximum output of the Ballard fuel cell was 57.2A at 21.7V, 
working at its rated full power. At the same time, a peak output of 69 A at 48.4V was 
captured from the Horizon. It is evident that both fuel cell stacks could work together very 
well to output maximum power when required, up to 4.6kW in total (1241.2 W from Ballard 
and 3339.6W from Horizon). 
 
During the whole ECE 15 drive cycle, a total of 101Wh electronic energy was produced by 
the Horizon fuel cell stack, and only a fraction was supplied by the Ballard fuel cell which 
counted 1.8 Wh. 
9.4.1.2 Electric Motors 
The red line in the lower part of Figure 9.9 represents the individual motor current and the 
red line in the upper part represents its voltage. It is noticeable that the motor voltage 
purely corresponds to the vehicle speed, which clearly depicts the 3 sections of the ECE 15 
drive cycle. According to the motor RPM and reduction gear ratio, 1V approximately equals 
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to 2km/h, therefore at the highest speed of this drive cycle, the motor voltage achieved the 
maximum of 25.9V. 
 
The motor current curve corresponds to the power requirement of the vehicle. It can be 
seen that for all acceleration sections during the ECE 15 drive cycle, the motor current 
increased dramatically within few seconds. This is because these accelerations start from 
0km/h, therefore the motor voltage started from 0V too. In order to provide the enough 
power to accelerate the vehicle, a great amount of current needs to be provided. When the 
speed increased, the current as seen started to decrease. The maximum single motor output 
recorded in the final ECE drive cycle section was 386.228 A at 25.2V, giving a total power from 
the single motor of 9.7kW which was the motor rated power output. At this peak point, 
other data were as listed in Table 9.6: 
Bus Voltage Ballard  Current Horizon Current Motor Controller Current Ballard Voltage 
48.4 V 57.2 A 69 A -219.8
19
A 21.7 
Table 9.6 Performance of other components at motor peak power output 
 
It can be identified that more than half or the power is drawn from the fuel cell directly 
when the motor is in full demand, and the battery provides the rest. Despite this heavy load 
condition only lasted for 2-3 seconds during this test, for most of the time, both fuel cells 
were able to provide sufficient power to the motors. 
                                                     
28
 The figure mechanically limited by the current clamp, the actual figure may be higher. 
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9.4.1.3 Re-generative Braking 
 
Figure 9.9 Details of energy recovery during the test 
 
The motor controllers have enabled the re-generative braking function during the test, 
which could then capture the braking energy and replenish the battery in all deceleration 
cycles. In the whole drive cycle, electric motors totally acquired 18.3Wh braking energy, 
where 12.2Wh were replenished back to battery through motor controllers. Figure 9.10 
shows the details of energy recovery during the test. The energy replenished to the battery 
contributed 8% of total energy used during the test. Because of the slow deceleration rate of 
ECE 15 drive cycle, during the deceleration process, the friction brake is only needed at the 
end of deceleration procedures to stop the vehicle completely. 
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9.4.1.4 Power Contribution 
The battery SoC was floating at 54.003V before the test begins, and dropped down to 
53.799V after the test, with only 0.2V decrease. The calculated fuel cells output 123.4Wh 
during the cycle, whereas the two motor controllers withdrew 144.3Wh, and the 
regenerative braking gained 12.2Wh, therefore totally 6.5Wh net energy were provided by 
the battery, which was  merely trace amount of its energy capacity. Figures 9.10 illustrated 
the power split between each power resource. It shows 86% of energy came from the 
Horizon fuel cell; the battery contributed 4%, which was only half of that provided by the 
regenerative braking. Ballard fuel cell single engagement accounted for 2%. 
 
 
Figure 9.10 Energy split between each power sources of ECE 15 drive cycle test without passenger. 
86%
2% 8%
4%
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Ballard Fuel Cell
Re-Generative Braking
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9.4.2 ECE 15 Test with Passenger 
 
Figure 9.11 ECE 15 drive cycle test with 1 passenger 
 
In order to find out how the weight could affect the fuel consumption, another ECE 15 test 
has been carried out with one passenger on-board who weighed 55Kg. This brought up the 
total vehicle weight to 805kg ± 10kg. Same analysis of vehicle performance has been done, 
as displayed in Figure 9.11, the result tends to be greatly similar to that of the previous study 
without passenger. It is worthy to point out that the weight effect may be interfered by 
human error in precisely following the driving cycle, therefore influencing the results. 
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 Before After  
Hydrogen Pressure 185 bar 174 bar 
Traction Battery voltage 54.029V 53.959 bar 
12V battery voltage 13.2V 13.2V 
Grant Data Logger Clock time  17:11:40 17:14:55 
GPS vector time 100 295 
Table 9.7 Readings difference before and after ECE 15 testing with 1 passenger 
 
Further study shows that almost all figures are comparable with the result gained from the 
‘without passenger’ test, where Horizon fuel cell provided most of the power, and around 9% 
was generated from re-generative braking, as Figure 9.12 illustrated. This might be 
attributed to below facts: 
 
 The interference caused by human error in precisely following the driving cycle may 
be greater than the impact of adding 55kg weight; heavier weight needs to be added 
and tested in order to distinct the results. 
 The current sensor was restricted to collect the data that are beyond its designed 
testing range. The limitation points are marked by arrows in Figure 9.9 and Figure 
9.12. 
 
Figure 9.12Energy split between each power sources of ECE 15 drive cycle tests with 1 passenger. 
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 Data resolution is only 1 Hz, within which a specific figure can change remarkably; 
meanwhile the Grant data logger collects data in sequence, which means the current 
and voltage may not perfectly match each other, however this issue existed among 
all of the data collections in this study. 
9.4.3 Top Speed Test 
 
Figure 9.13 Vehicle top speed test 
 
Calculated from the Excel mathematical model, this upgraded vehicle should be capable to 
cruise at a max speed of 90km/h, which effectively achieves the designed top speed for 
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NEDC low powered vehicle test. The modelling was based on the 48V systems, and 3.2 : 1 
gear ratio, although the vehicle eventually hit the top speed of 91.3km/h, the acceleration 
rate turned to be extremely low when the speed was above 80km/h, which could hardly 
match the NEDC low powered vehicle test requirement. In addition, to carry out the NEDC 
test properly, a straight-line style track of 7km long is necessary, which was proved to be 
difficult to meet in this test due to the restrained length of the test track selected. Therefore, 
a top speed test has been undertaken instead of a comprehensive drive cycle testing to 
investigate the performance of each component, as shown in Figure 9.13. 
 
As to this test, the results show that both fuel cell stacks operated at peak power output 
point in order to provide sufficient power to motors (see Table 9.8), with the li-ion batteries 
providing the rest power needed. Each motor provided 8.44kW traction power, which is 
close to the maximum rated power when the speed reached 80km/h, the reading of the 
current sensors on the motor controller was limited on 220A at this point of time. According 
to the efficiency behaviour of the controller manufacturer, the estimated input current 
should be 378.2A. This means 17,216.7W power was obtained from the battery and fuel cells, 
where the Horizon fuel cell contributed 3,729W and Ballard contributed 1,169.2W, along 
with the battery pack which provided the rest, see Figure 9.14: 
Battery 
voltage  
Ballard 
Current 
Horizon 
Current  
Motor Controller 
Current 
Motor 
Voltage 
Ballard 
Voltage 
Motor 
Current 
45.52 V 41.47 A 81.92 A -219.78 A 41.78 V 28.194 A -202 A 
Table 9.8 Performance of other components at vehicle speed of 80 km/h 
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Figure 9.14 Power split between each power sources at vehicle speed of 80 km/h 
 
The overall energy distribution is significantly different with the instant power distribution, 
as illustrated in Figure 9.15, the Horizon fuel cell still contributed most of the power 
consumed, however, reduced from 86% to 59% compared to the performance in ECE 15 test. 
But due to the demand of high power in the top speed test, Ballard fuel cell spontaneously 
contributed much more power, which was up to 10%. With the continuous acceleration in 
the test, energy recovered from braking became less, with the power drawn from the 
battery increased to 30%, equalling to 110.7Wh of energy. 
 
Figure 9.15 Energy split between each power sources of top speed test 
 
The peak motor voltage as recorded was 45V during the test, as the top speed was limited 
by motor voltage, given the character of those motors are 71RPM per volt, the motor speed 
should be 3195RPM, and this corresponds to the modelling speed of 91.3km/h. At this point, 
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the motor voltage was very close to bus voltage. Therefore, it could be deduced that higher 
speed and acceleration can be achieved with higher voltage supplied, or with greater gear 
ratio, in order to carry out tests like NEDC or ARTEMIS. 
9.4.4 Energy Consumption 
The vehicle was upgraded with deliberate consideration of energy efficiency improvement, 
as expected, the overall results proved that great improvement has been achieved, with 
totally 23 miles have been done during the test day, combined with different drive cycles 
tests and load conditions. The hydrogen tank pressure dropped from 299 to 112 bar, as 
listed in Table 9.9, this equals 35.07MJ LHV, resulting in a hydrogen consumption of 
0.98MJ/km which is equivalent to 99.7mpg (imperial), the efficiency was doubled compared 
to the original Micro-Cab H4 (with average 2.21MJ/km across all 4 vehicles, in Chapter 7), 
that means with a 2kg pressurised hydrogen store at 350bar (240MJ), such a vehicle had 
good urban performance and a range of 152miles. The overall battery voltage only increased 
negligible by 0.1V, and all aspects of the results obtained from both 2 ECE 15 tests were 
similar, hence the Charge Sustainable (CS) drive has been achieved overall.  
Reading 
Start 
pressure 
Finish 
pressure 
Temperature 
Hydrogen 
in kg 
Energy 
consumed 
Start 
Voltage 
of 
Battery 
Finish 
Voltage of 
Battery 
Overall 299 bar 112 bar 15 
o
C 0.292 kg 
35.07 MJ 
LHV 
52.688 V 52.771 V 
ECE 15 
Without 
Passenger 
170 bar 161 bar 16 
o
C 0.016 kg 
1.88 MJ 
LHV 
54.003 V 53.799 V 
ECE 15 
With 1 
Passenger 
185 bar 174 bar 14 
o
C 0.019 kg 
2.25 MJ 
LHV 
54.029 V 53.859 V 
Top Speed 152 bar 136 bar 14 
o
C 0.029 kg 
3.42 MJ 
LHV 
53.842 V 53.164 V 
Table 9.9 Parameters change between testing. 
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However, after the top speed testing, the battery voltage decreased by 0.7V, with the 
capacity dropped by 110Wh. It can be seen that under this drive condition, the battery 
cannot sustaine its SoC, hence Charge Depleting (CD) drive has been identified. This can be 
further explained by Figure 9.16, which shows the differences of energy consumption 
between the ECE 15 and the top speed test. During the ECE 15 test, the fuel cell and 
regenerative braking provided the most of energy demand, whereas in the top speed test, 
the regenerative braking barely contributed anything. The power demand was insufficient 
even both fuel cells output their maximum power. The battery therefore needed to provide 
extra power. In addition, the continuous high power demand didn’t give fuel cell an 
opportunity to replenish the battery. In other words, the upgraded vehicle is more suitable 
for urban driving condition. 
 
Figure 9.16 Comparisons of energy contribution from different power source between ECE 15 test and Top 
Speed test 
9.5 Conclusions 
The improvement on efficiency was obvious, average energy consumption of 100MPG 
equivalent goal has been achieved, the concept of hybrid fuel cell without DC converter was 
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proved to work well in practice. However, it is worth pointing out that the fuel cell operated 
over the rated power output occasionally, therefore further regulating of the fuel cell output 
could be carried out in future development, such as by regulating the hydrogen flow rate, or 
by optimising the battery voltage and capacity. 
 
The study shows the Ballard fuel cell only engaged when large power is demanded, however, 
despite of the high speed test, this fuel cell stack only contributed a trace amount of energy 
overall. In order to maximise the function of Ballard fuel cell, the controlling strategy could 
be upgraded, such as introducing an appropriate high efficient DC converter, which could 
assist the power demand consistently, therefore enhancing its efficiency. Alternatively, it 
could be excluded when using in low power demand drive cycle, such as in campus and 
urban. 
 
The regenerative braking could recover 8 -9% energy as demonstrated in ECE 15 test. This 
figure may be lower in the actual campus and urban drive, as mechanical brakes have to be 
involved most of the time. The large current generated by sudden deceleration in short 
period may damage the battery, therefore a super-capacitor would be suggested to be 
applied for re-generative braking. 
 
Further studies should also investigate the plug-in range, the performance and the running 
cost, assisting by a data collecting system with higher accuracy. 
  
10. Chapter Ten 
Conclusions and Future Works 
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10.1 Overview 
This research has fulfilled the original PhD purposed objectives. The model theory and 
experimental results were satisfactorily matched, proving that hydrogen fuel cell hybrid 
technology is superior to other competitive technologies in many aspects, possessing the 
potential to be the most important power-train in the future automotive market. The 
detailed conclusions are below. 
10.2 Summary of Conclusions 
10.2.1 Position of HFCV in Automotive Revolution 
The fuels selected by the future automotive market will certainly have a much more 
diversified portfolio in the coming decade; the electric-drive vehicles powered by a fuel cell, 
battery, or a hybrid drive train are expected to increase noticeably. Although it is unlikely 
that any single type of power train would potentially be the ‘silver bullet’ at the moment, it 
has become increasingly clear from this study that fuel cell hybrid vehicles have greater 
possibility over other drive trains in order to achieve the 80% CO2 reduction target by 2050. 
However, technology breakthroughs for both hydrogen and fuel cells are essential for the 
successful take-off of the HFCV. 
10.2.2 Barriers for HFCV Penetration 
The widespread introduction of hydrogen fuel cell vehicles faces three major technical 
challenges: improving cost competitiveness and the durability of fuel cells, innovating safer 
and lighter-weight tanks to store enough hydrogen on-board for acceptable driving range, 
and developing the infrastructure for hydrogen production, distribution and refuelling. 
However, shifting from conventional vehicles to hydrogen fuel cell vehicles is not only a 
technical issue. Even if the technologies can achieve a breakthrough, the hydrogen fuel cell 
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vehicles will still face great difficulties to emerge in the future automotive market without 
extensive governmental support and incentives. In addition, the consumer acceptance and 
awareness of hydrogen vehicles needs to be corrected and stimulated. 
10.2.3 Hydrogen as Fuel 
Hydrogen is recognised as a long-term sustainable fuel, because it can be used in both IC 
engines vehicles and fuel cells vehicles. From this study, H2ICE can be more efficient than 
conventional petrol-fuelled engines while generating much less toxic and GHG emissions. 
However, the improvement is not sufficient to offset the limitation of hydrogen storage 
systems. Consequently, H2ICE was considered as a bridging technology at the current stage, 
helping to build up the hydrogen infrastructure. And the experience gained from it can be 
directly transferred to fuel cells vehicles in the future. Fuel cells vehicles use hydrogen more 
efficiently, but the limitations are still awaiting technology breakthroughs as discussed. 
10.2.4 Fuel Cell Vehicles for Niche Market 
While the cost of fuel cells and hydrogen is still high, fuel cells vehicles designed for niche 
markets would be suggested, such as the hydrogen fuel cells scooter and the Micro-cab H4 
urban fuel cells vehicles. The scooter is more affordable and can maneuver around traffic 
more easily in congestion. The hydrogen fuel cells hybrid scooter showed the extended 
range and top speed. With the plug-in feature, it has more advantages over conventional 
scooters in terms of mpg equivalent, energy efficiency, tail-pipe emissions and running costs. 
Micro-cab proved that it can function better than a standard diesel postal van vehicle under 
low speed duty cycle. Owing to the small size of those vehicles, smaller fuel cells and 
hydrogen storage are required, hence reducing overall cost, which is the key factor for early 
market penetration. 
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10.2.5 Hybridisation  
PEM fuel cells are best operated at a constant load in order to achieve peak efficiency and 
maximum lifespan, whereas the power required for the automobile varies substantially, 
because of the variety of accelerations and decelerations under real-life driving conditions. 
However, the battery can accommodate these dynamic power changes perfectly, while also 
capturing the braking energy using electromagnetic deceleration, as this study 
demonstrated with PEM fuel cells and battery hybridization. Hybridisation offered the 
following benefits: 
 Smaller fuel cells stack can be used (500W used in scooter, and 1.2kW and 3kW used 
in Micro-cabs), therefore to lower cost. 
 Fuel cells stack can operate at higher efficiency point at certain times; better control 
strategies need to be engaged in order to optimise. 
 Fuel cells stack lifetime is extended; it has been proved to operate longer than 
Ballard suggested life-time 1000 hours. 
 Deep discharging from the battery is eliminated, therefore improving the batteries’ 
lifetime. 
 Fast start-up of the fuel cells stack; the vehicle is able to be operated on battery 
before fuel cells fully started. 
 Improve power train efficiency through capturing of regeneration energy, up to 8% 
has been achieved. 
10.2.6 Simulations and Tests 
Computer simulation have demonstrated that battery and fuel cells vehicles are more 
sensitive towards different drive cycles, and payloads. Especially with battery vehicles. 
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However, due to the high TtW energy efficiency and low absolute fuel consumption figures, 
the energy efficiency of fuel cell and battery vehicle would still be superior to any IC engine 
and IC engine hybrid vehicle, regardless of the drive cycle and payloads. 
10.2.7 Upgraded Micro-cab H4 
This project combined both engineering and scientific research. A large amount of design, 
manufacture and installation process were involved, in return, the improvement on overall 
efficiency was more than double, average energy consumption of 100mpg equivalent goal 
has been achieved. The concept of hybrid fuel cell without DC converter was proved went 
well in practice, saving up to 20% energy generated from fuel cell. The regenerative braking 
could recover 8 to 9 % energy (12.2W) as demonstrated in ECE 15 tests, this figure may be 
lower in the actual campus and urban drive, as mechanical brakes have to be involved most 
of the time. The 1.2kW Ballard and 3kW Horizon fuel cell hybrid concept worked well to 
power the vehicle up to the top speed of 91.3km/h, however the acceleration rate proved to 
be extremely low when the speed was above 80km/h. 
10.3 Future Works 
10.3.1 Use of Ultracapacitors 
According to the study in Chapter 9, the energy used to stop the vehicle during the ECE 15 
drive cycle test mainly came from motor regenerative braking, and the battery recovered 
66.7% of it; contributing up to 8% of total energy consumption.  However, the deceleration 
during ECE 15 was gentle and less incentive than real life urban driving, hence more energy 
can be recovered in real life urban driving. However, the larger current during regenerative 
braking can degrade and even damage the battery pack, and only a limited amount of 
energy can be recovered. Ultra capacitors allow higher decelerations of the vehicle with 
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minimum loss of energy, and least degradation of the main battery pack, presenting better 
performance in specific power than battery, and can be charged and discharged thousands 
of times without performance reduction. These pose a valuable characteristic and can be 
used in combination with normal batteries, to improve the transient performance of an 
electric vehicle with the help of ultracapacitors. Besides, ultracapacitors allow regenerative 
braking even when the batteries are fully charged. Therefore further research of 
implementation ultracapacitors in future is suggested, however, ‘tribrid’ the fuel cell, battery 
and ultracapacitors will lead higher cost on top of the already expensive hybrid system, and 
make the control system more complex. 
10.3.2 Heat Management 
Although fuel cells and battery electric vehicles are highly energy efficient, there is still 
considerable amount of energy wasted via heat in the system, mainly from electric motors, 
power inverters and fuel cells (if applicable). This heat must be removed in order to prevent 
damage and allow proper function. On the other hand, heating the cabin of electric vehicles 
in cold weather consumes large amounts of energy, and significantly reduces the vehicle 
range. Therefore, a heat management system which can either dissipate or re-use to heat 
the cabin would be suggested for further study. 
10.3.3 Electric Motor 
In theory, the electric motor can achieve its maximum torque at zero RPM; hence a gear box 
is not required. From the experience of Lynch designed DC motor, the author found these 
motor’s acceleration from stop was poor, but getting better along with the speed increasing. 
This was because although the motor can produce sufficient torque, it would require great 
amount of current to cope with. When the speed starts from zero, it would need infinite 
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large amount of current. In practice, if the motor controllers were limited to 500A, according 
to the motor RPM and reduction gear ratio, 1V approximately equals to 2km/h as found in 
Chapter 9, therefore at 10km/h, only 2.5kW power is provided by one motor. This could be 
improved in future by: 
 Engaging a Continuously Variable Transmission (CVT) gearbox to maximum the 
motor performance and efficiency.  
 Optimising the reduction gear ratio.  
 Using higher voltage motor. 
10.3.4 Continuing Research on Ultra Low Carton Vehicles 
After four years study and research on hydrogen fuel cell hybrid vehicles and related 
technologies, specifically on Micro-cab HFCVs, the author will continue to model and 
implement practical electrical and electronic control systems into low carbon vehicles, as 
well as develop the optimised electro-mechanical systems for overall efficiency, based on 
the vehicle shown in Figure 10.1. 
 
Figure 10.1 New Micro-cab H2EV (courtesy Coventry University) 
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